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EDITORIAL 



Carbon nanotube (CNT) is the name of ultrathin carbon fibre with nanometer- 
size diameter and micrometer-size length and was accidentally discovered by a 
Japanese scientist, Sumio Iijima, in the carbon cathode used for the arc- 
discharging process preparing small carbon clusters named by fullerenes. The 
structure of CNT consists of enrolled graphitic sheet, in a word, and can be 
classified into either multi-walled or single-walled CNT (MWCNT or SWCNT) 
depending on its preparation method. It is understood that CNT is the material 
lying in-between fullerenes and graphite as a quite new member of carbon 
allotropes. 

It should be recognised that while fullerene has established its own field with a 
big group of investigators, the raison d'etre of the CNT should become, and 
actually has become, more and more independent from that of fullerenes. As a 
novel and potential carbon material, CNTs would be far more useful and 
important compared with fullerenes from practical points of view in that they 
will directly be related to an ample field of "nanotechnology". It seems that a 
considerable number of researchers have been participating into the science of 
CNTs and there has been remarkable progress in the both experimental and 
theoretical investigations on MWCNT and SWCNT particularly during the last 
couple of years. Moreover, almost at the same time, an obvious turning point 
has been marked for the research of CNT toward explicit application targeting, 
e.g., electronic and/or energy-storing devices. 

These circumstances have assured us that it is high time to prepare an authentic 
second-generation monograph scoping as far as practical application of CNT in 
succession of the book earlier published [1] covering the results of rather first- 
stage studies on CNT. Under this planning the present monograph is entitled 
"The Science and Technology of Carbon Nanotubes" as the successive version of 
ref. 1 for the benefit of actual and potential researchers of these materials by 
collecting and arranging the chapters with emphasis on the technology for 
application of CNTs as well as the newest science of these materials written by 
top-leading researchers including our own manuscripts. 

In Chaps. 2-4 most updated summaries for preparation, purification and 
structural characterisation of SWCNT and MWCNT are given. Similarly, the 
most recent scopes of the theoretical treatments on electronic structures and 
vibrational structures can be seen in Chaps. 5-7. The newest magnetic, optical 
and electrical solid-state properties providing vital base to actual application 
technologies are described in Chaps. 8-10. Explosive research trends toward 
application of CNTs including the prospect for large-scale synthesis are 
introduced in Chaps. 1 1-14. It is the most remarkable feature of this monograph 
that it devotes more than a half of the whole volume (Chaps. 8-14) to such 
practical aspects. The editors truly appreciate that all of the authors should like 
to offer the readers the newest developments of the science and technological 
aspects of CNTs. 



It is our biggest sorrow that in the course of preparation of this monograph one 
of the Editors, Professor Kenichi Fukui, Nobel Laureate of 198] in Chemistry, 
passed away on January 9, 1998. As one of the editors he was eager to see actual 
utilisation of CNT in nanotechnological devices as he described in Chap. J from 
the profound scientific viewpoint. 

Finally we would like to express our sincere gratitude to Dr. Vijala 
Kiruvanayagam of Elsevier Science for her kind cooperation as well as 
encouragement toward publication of this monograph. 



KAZUYOSHI TANAKA 
Chief Editor 
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CHAPTER 1 

Prospect 

late KENICHI FUKUI 



Institute for Fundamental Chemistry 
34-4 Nishihiraki-cho, Takano, Sakyo-ku 
Kyoto 606-8103, Japan 



Various mesoscopic systems have their own unique characteristics, some of 
which are of importance due to bridging function over classical and quantum 
mechanics. It is quite natural that human beings living in macroscopic world 
could hardly grasp the phenomena occurring in the microscopic world in an 
intuitive manner. This situation offers a vital sense in the "observation" problem 
necessarily accompanied with the classical means. The fundamental core of the 
argument between Einstein-Podolsky-Rosen and Bohr starting in 1935 actually 
lies in this point. However, recent development of experimental techniques 
finally comes to suggest the possibility to realise the "SchrQdinger-cat states" in 
a mesoscopic system [1,2]. 

Carbon nanotubes (CNTs) as well as fullerenes are splendid gift brought to the 
Earth from the red giant carbon stars in the long-distant universe through the 
spectroscopy. Moreover, those belong to new carbon allotropes of the 
mesoscopic scale with well-defined structures. In particular, CNTs are considered 
to be the materials appropriate to realise intriguing characteristics related to the 
mesoscopic system based on their size and physicochemical properties. 
In a mesoscopic system in which both classical- and quantum-mechanical 
pictures become compatible even for a short time is realised, its pragmatic 
significance would be very large considering technical level of today. This book 
is expected to offer the starting point of such new developments. In this sense, I 
like to express my wholehearted admiration to the eminent work of Dr. Sumio 
lijima who first discovered CNT. The timely contents of this book are readily 
conceivable by the excellent authors and I also appreciate the wisdom of my 
colleague editors. 
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CHAPTER 2 



Synthesis and Purification of Multi-Walled 
and Single- Walled Carbon Nanotubes 



MOTOO YUMURA 



National Institute of Materials and Chemical Research, 
I -I Higashi, Tsukuba, lbaraki 305-8565, Japan 



1 Introduction 

Since the discovery of carbon nanotube (CNT) by Iijima [1], many researchers 
have been attracted to this material and a large number of studies have been piled 
up. CNT was first synthesized as a by-product in arc-discharge method in 
synthesis of fullerenes and are currently being prepared by many kinds of 
methods including arc-discharge [2-14], laser ablation [15-20] and catalytic 
decomposition of hydrocarbon [21-27]. In addition, electrolysis [28] and solar- 
energy [29] methods have also been proposed. As for the application of CNT, 
there has been a remarkable progress in recent days such as that to the field- 
electron emitter [30-34], for instance. Considering such rapid growth in many 
directions, we can expect that CNT could become one of the most important 
materials in the 21st century. In this chapter, keeping the application of CNT in 
mind, an outline of the present situation and the future of the synthesis of this 
material is described. Aspects toward large-scale synthesis is given in Chap. 12. 
CNT can be classified into two types: One is multi-walled CNT (MWCNT) [1,2] 
and the other single-walled CNT (SWCNT) [3]. The former had been discovered 
earlier than the latter. The MWCNT is comprised of 2 to 30 concentric graphitic 
layers, diameters of which range from 10 to 50 nm and length of more than 10 
Urn. On the other hand, SWCNT is much thinner with the diameters from 1.0 
to 1.4 nm. 

There have been a considerable efforts at synthesis and purification of MWCNT 
for the measurements of its physical properties. The time is, however, gradually 
maturing toward its industrial application. As to SWCNT, it could not be 
efficiently obtained at first and, furthermore, both of its purification and physical- 
properties measurement were difficult. In 1996, it became that SWCNT could be 
efficiently synthesized [14,16] and, since then, it has become widely studied 
mainly from the scientific viewpoints. In what follows, the synthesis and 
purification of MWCNT and SWCNT are to be summarised itemisingly. 



2 MWCNT 

MWCNT was originally discovered as a by-product of synthesis of Cgo as 
described above. The yield of MWCNT is 30 ~ 50 % in the electric arc-discharge 
method using pure carbon. However, from academic point of view, many 
researchers currently seem to be working at SWCNT, probably tired with tedious 
purification process of MWCNT particularly synthesized in arc-discharge method. 
Nonetheless, MWCNT is still attractive due to their ample ability for industrial 
application utilising its high chemical stability and high mechanical strength 
[35]. For instance, MWCNT has intrinsic properties suitable for field emitters in 
the form of a sharp tip with nanometer-scale radius of curvature, high mechanical 
stiffness, chemical inertness and high electrical conductivity. In addition to these 
eminent characteristics it also has the unique coaxial shape, which will afford 
good possibilities to be applied to various fields of industry (see Chaps. 13 and 
14). 

2.1 Synthesis 

2.1.1 Electric arc discharge 

When the arc-discharge is carried on keeping the gap between the carbon 
electrodes about 1 mm, cylindrical deposit forms on the surface of the cathode. 
Diameter of this cathode deposit is the same as that of the anode stick. Under the 
conditions that diameter of the anode carbon is 8 mm with the arc-electric current 
of 80 A (voltage is about 23.5 V) and He pressure of 300 Torr, the cathode 
deposit grows at the rate of ca. 2-3 mm per min. This cylindrical cathode 
deposit consists of two portions; the inside is black fragile core and the outside 
hard shell. The inner core has the fabric structure growing along the length of the 
cathode-deposit cylinder, the inside of which includes nanotubes and polyhedral 
graphitic nanoparticles. The outer-shell part consists of the crystal of graphite. 
Figure 1 shows a rotating-cathode arc-discharge method [6a] which enables long- 
term operation. 

MWCNT grows only inside the cathode deposit and does not exist in other 
places in the reactor. Quantity of MWCNT obtained depends on the pressure of 
He atmosphere in the reactor, which is the most important parameter. The 
highest quantity of MWCNT is obtained when the pressure of He is ca. 500 
Torr. When this value becomes below 100 Torr, almost no MWCNT grow. This 
contrasts to that the highest quantity of fullerene is obtained when the pressure 
becomes 100 Torr or less. 

Another important parameter is the electric current for discharge. If the current 
density is too high, the quantity of the hard shell increases and that of the 
MWCNT decreases. To keep the arc discharge stable and the electrode cool are 
effective to increase in the product quantity of MWCNT. A considerable quantity 
of graphite is produced in the cathode deposit even under the most suitable 
condition to the synthesis of MWCNT. 

The bundle of MWCNT can be released in ultrasonic cleaner using ethanol as the 
solvent. The scanning tunnelling microscope (STM) image of thus released 
MWCNT is shown in Fig. 2. 




Fig. 1. The rotating-cathode DC arc method [6a]. The cathode deposit is 
immediately taken out of the discharge by rotation and cropped within one turn. This 
method offers high stability and reliability of the handling and makes the continuous 
mass production possible. 




Fig. 2. STM image of MWCNT [6b]. 

2.1.2 Laser ablation 

Laser-ablation method shown in Fig. 3 was used when Cgo was first discovered 
in 1985 [15]. This method has also been applied for the synthesis of CNT, but 
length of MWCNT is much shorter than that by arc-discharge method [17]. 
Therefore, this method does not seem adequate to the synthesis of MWCNT. 
However, in the synthesis of SWCNT described later (Sec. 3.1.2), marvelously 
high yield has been obtained by this method. Hence, laser-ablation method has 
become another important technology in this respect. 



2. 1 .3 Catalytic decomposition of hydrocarbon 

For extension of the application of MWCNT, the key technology is obviously 
to develop the method for mass production by which high quality MWCNT can 
be produced with lower cost. It has been well known for a long time that carbon 



fibre is synthesized by catalytic decomposition of hydrocarbon [36] in the reactor 
shown in Fig. 4. Endo et al. reported that MWCNT is contained in carbon fibre 
synthesized from benzene with Fe particle as the catalyst [21]. Furthermore, 
MWCNT can be synthesized from acetylene with catalyst [22-25]. Catalyst 
metals used for MWCNT are listed in Table 1 [24]. 





Furnace (1200°C) 



Fig. 3. Schematic drawing of the laser-ablation method. 
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Fig. 4. Schematic drawing of the apparatus used for the catalytic decomposition of 
hydrocarbon. 

MWCNT synthesized by catalytic decomposition of hydrocarbon does not 
contain nanoparticle nor amorphous carbon and hence this method is suitable for 
mass production. The shape of MWCNT thus produced, however, is not straight 
more often than that synthesized by arc-discharge method. This difference could 
be ascribed to the structure without pentagons nor heptagons in graphene sheet of 
the MWCNT synthesized by the catalytic decomposition of hydrocarbon, which 
would affect its electric conductivity and electron emission. 
Crucial point in this method lies in controlled production of MWCNT with 
regard to length, diameter and alignment. To overcome these problems, novel 
catalyst methods have been developed. Li et al [25] have reported a method for 
producing aligned CNT (nanotubes brushes) grown on silicates by using Fe 
particle on meso-porous silica. Terrones et al. [26] have developed a controlled 
production method of aligned-MWCNT bundles (see Fig. 5) by using thin film 
of Co catalyst patterned on the silica substrate. 



Table 1. Catalyst metals for MWCNT synthesis. 





Catalyst 






Temp. 

(°Q 


Carbon 
source 


Ref. 


Meta 


1 Catalyst type 


Preparation method 








Fe 


Ultra fine particle 


Decomposition 
metallocene 


of 


1060 


Benzene 


21 




Silica support 


Pore impregnation 


700 


Acetylene 


22,23 




Zeolite or Clay support 


Ion exchange 




700 


Acetylene 


22 




Graphite support 


Impregnation 




700 


Acetylene 


23 




Ultra fine particle 


Decomposition 
metal carbonyl 


of 


800 


Acetylene 


24 




Silica support 


Sol-gel process 




700 


Acetylene 


25 


Co 


Ultra fine particle 


Laser etching of Co 


1000 


Triazine 


26 






thin film 












Ultra fine particle 


Decomposition 
metal carbonyl 


of 


800 


Acetylene 


24 




Silica support 


Pore impregnation 


700 


Acetylene 


22,23 




Zeolite or Clay support 


Ion exchange 




700 


Acetylene 


22 




Graphite support 


Impregnation 




700 


Acetylene 


23 


Ni 


Graphite support 


Impregnation 




700 


Acetylene 


23 




Ultra fine particle 


Decomposition 

Ni(QH| 2 )2 


of 


800 


Acetylene 


24 


Mo 


Ultra fine particle 


Decomposition 
Mo* ' 


of 


800 


Acetylene 


24 


Mn 


Ultra fine particle 


Decomposition 
metal carbonyl 


of 


800 


Acetylene 


24 


Pd 


Ultra fine particle 


Decomposition 
metal carbonyl 


of 


800 


Acetylene 


24 



1 Mo*=(NH4) 25± 5[Mo l5 4(NO) 1 4O420(OH) 28 (H 2 O) 70 ].350H 2 O. 
2.2 Purification 



2.2.1 Isolation of MWCNT 

In the isolation process of MWCNT, nanoparticles and graphite pieces should be 
first removed. It is considerably difficult, indeed, to execute the isolation of 
MWCNT. The main reason for this comes from that the usual separation 
methods, such as filtration and centrifuge, are effective to remove the big pieces 
of graphite but not so effective to remove nanoparticles. Therefore, a method to 
leave only MWCNT by burning nanotubes under oxidising atmosphere after 
removal of big pieces of graphite has been proposed [37]. This method utilises 
the property of nanoparticles burnt out faster than MWCNT. The reaction with 
oxygen starts from the edge of nanoparticles and then proceeds to their centres. 
Compared with nanoparticle, it takes more time for MWCNT to be completely 
burnt out, since MWCNT is much longer than nanoparticle. Therefore, cease of 
burning after appropriate period leaves only MWCNT, but the crop quantity of 
which is very small. 
In order to accelerate the oxidation rate of graphite at lower temperature and to 



increase the crop quantity after burning, the raw cathode sediment is treated with 
CuCl2 to give the graphite-Cu compound prior to the burning process [38]. This 
compound can be burnt at lower temperature and hence undesirable consumption 
of MWCNT is avoided. 




Fig. 5. Scanning electron microscope (SEM) images of aligned MWCNT of uniform 
length (40 urn) and diameters (30-50 nm). Scales bars are 10 urn (top) and I urn 
(bottom) (Courtesy of Drs. M Terrones and D. R. M Walton). 














10 nn 



Fig. 6. Transmission electron microscope (TEM) image of MWCNT with the open 
end. The cap of the tube was removed using the purification process. 



2.2.2 Preparation of MWCNTs for field emission 



As mentioned above, employment of MWCNT for field emitter will be one of 
the most important applications of MWCNT. For this purpose, MWCNT is 
prepared by the chemical purification process [30,38], in which graphite debris 
and nanoparticles are removed by oxidation with the aid of CuCl2 intercalation 
[38]. Purified MWCNT is obtained in the form of black and thin "mat" (a flake 
with thickness of ca. a few hundreds of fim). Figure 7 shows a typical 
transmission electron microscope (TEM) picture of MWCNT with an open end, 
which reveals that a cap is etched off and the central cavity is exposed. 




Fig. 7. TEM image of SWCNT growing radially from a La-carbide particles [10b]. 



3 SWCNT 

Preparation research of SWCNT was also put forth by Iijima and his co-worker 
[3]. The structure of SWCNT consists of an enrolled graphene to form a tube 
without seam. The length and diameter depend on the kinds of the metal catalyst 
used in the synthesis. The maximum length is several fim and the diameter 
varies from 1 to 3 nm. The thinnest diameter is about the same as that of C60 
(i.e., ca. 0.7 nm). The structure and characteristics of SWCNT are apparently 
different from those of MWCNT and rather near to fullerenes. Hence novel 
physical properties of SWCNT as the one-dimensional material between 
molecule and bulk are expected. On the other hand, the physical property of 
MWCNT is almost similar to that of graphite used as bulk [6c]. 

3.1 Synthesis 

SWCNT is synthesized by almost the same method as that for the synthesis of 
MWCNT. Remarkable difference lies in the fact that metallic catalyst is 
indispensable to the synthesis of fullerenes. The metal compounds used as the 
catalyst are listed in Table 2 [8]. 



Table 2. Metals and metal compounds catalysts for SWCNT synthesis (modified 
from ref. 8). 



Metals 


Experimental 


Locations of 


Density of 


/compounds 


conditions 1 


SWCNT 2 


SWCNT 3 


Fe 


Fullerene 


Soot 


High 






Extended deposit 


High 




Tube 


Soot 


Low 


Ni 


Fullerene 


Soot 


High 






Extended deposit 


High 




Tube 


Soot 


Low 


Co 


Fullerene 


Soot 


Low 




Tube 


Soot 


High 






Weblike 


High 


Fe/Ni 


Fullerene 


Soot 


Very high 




Tube 


Soot 


Very high 






Weblike 


Very high 


Fe/Co 


Fullerene 


Soot 


Low 




Tube 


Soot 


High 






Weblike 


Very high 


Ni/Co 


Fullerene 


Soot 


Very high 




Tube 


Soot 


Very high 






Weblike 


Very high 


Ni/Cu 


Tube 


Soot 


Low 


Ni/Ti 


Tube 


Soot 


Very low 


Cu/Co 


Tube 


Soot 


Low 


Mg/Ni 


Tube 


Soot 


Low 


Y 2 3 /Co 


Tube 


Soot 


Low, radial 


YC 2 


Tube 


Soot 


High, radial 



'"Fullerene" for arc discharge at 100-Torr He and "Tube" at 550 Torr. 

2 "Soot" and "Extended deposit" protruding from the usual cathodic deposit, and 

"Weblike deposit." 

'Categorised as very high, high, low and very low. 



3.1.1 Electric arc discharge 

SWCNT is synthesized by co-evaporation of carbon and catalyst (mostly metals) 
in arc discharge. In early time, Fe [3], Co [4], Ni [8, 10] or rare-earth element 
[10] was employed as the catalyst (see Fig. 7). In these syntheses, however, the 
yield of SWCNT was quite low. In the improved method, the catalyst consisting 
of more than one element such as Co-Pt [12,13] or Ni-Y [14] is used to increase 
the yield of SWCNT (e.g., more than 75 % with Ni-Y [14]). 

3. 1 .2 Laser ablation 

Although laser-ablation method with pure carbon as the target only gives 
fullerenes, SWCNT can be obtained at high yield by mixing Co-Ni into the 
target carbon [16]. Isolation of thus synthesized SWCNT is rather of ease since 
the crude product is almost free of nanoparticle and amorphous carbon [39]. Such 
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SWCNT sample has widely been used for the physical-property measurements 
[40]. 

3.1.3 Catalytic synthesis 

Very recently, it has been reported that SWCNT can be synthesized by 
decomposition of benzene with Fe catalyst [27]. It would be of most importance 
to establish the controllability of the diameter and the helical pitch in this kind 
of synthesis of SWCNT toward the development of novel kinds of electronic 
devices such as single molecule transistor [41]. It can be said that this field is 
full of dream. 

3.2 Purification 

Since SWCNT is easily oxidised compared with MWCNT [42], the purification 
process such as the burning method cannot be applied to that purpose. Tohji et 
al., however, have succeeded in this by employing the water-heating treatment 
[43] and, furthermore, the centrifuge [44] and micro-filtration [39, 44] methods 
can also be employed. It has recently been reported that SWCNT could be 
purified by size-exclusion chromatography method [45], which made separation 
according to its length possible. This method looks effective to obtain SWCNT 
of a high degree of purity. Development of the differentiation method of SWCNT 
with its diameter is still an open problem. 



4 Conclusion 

MWCNT was first discovered by arc-discharge method of pure carbon and 
successive discovery of SWCNT was also based on the same method in which 
carbon is co-evaporated with metallic element. Optimisation of such metallic 
catalyst has recently been performed. Although these electric arc methods can 
produce gram quantity of MWCNT and SWCNT, the raw product requires rather 
tedious purification process. 

The laser-ablation method can produce SWCNT under co-evaporation of metals 
like in the electric arc-discharge method. As metallic catalyst Fe, Co or Ni plays 
the important role and their combination or addition of the third element such as 
Y produces SWCNT in an efficient manner. But it is still difficult in the laser- 
ablation method to produce gram quantity of SWCNT. Nonetheless, remarkable 
progress in the research of physical properties has been achieved in thus 
synthesized SWCNT. 

Fe, Co or Ni is also crucial in the catalytic decomposition of hydrocarbon. In 
order to efficiently obtain CNT and to control its shape, it is necessary and 
indispensable to have enough information on chemical interaction between 
carbon and these metals. It is quite easy for the catalytic synthesis method to 
scale up the CNT production (see Chap. 12). In this sense, this method is 
considered to have the best possibility for mass production. It is important to 
further improve the process of catalytic synthesis and, in order to do so, 
clarification of the mechanism of CNT growth is necessary to control the 
synthesis. CNT can be synthesized by the chemical reaction at relatively low 
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temperature fortunately. There could be, in general, a lot of possibilities in the 
control of chemical reaction at 1000-1 500°C. It is of much interest to watch the 
development of study along this line. 

The study on CNT commenced in Japan and, nowadays, a large number of 
investigators from all over the world participate in the research. It is considered 
that it is now high time for the turning point in the study on CNT in the sense 
that the phase of research should shift from basic to applied science including 
more improvement in efficiency of the synthesis, separation and purification. It 
is expected that CNT will be one of the most important materials in the 21st 
century and, hence, it is the most exciting thing for us to participate in science 
and technology of CNT. 
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1 Introduction 

Among the several known types of carbon fibres the discussion in this chapter is 
limited to the electric arc grown multi-walled carbon nanotubes (MWCNTs) as 
well as single-walled ones (SWCNTs). For MWCNT we restrict the discussion 
to the idealised coaxial cylinder model. For other models and other shapes we 
refer to the literature [1-6]. 



2 Observations 

2. / Electron diffraction (ED) patterns [7,8] 

A diffraction pattern of a single MWCNT (Fig. I) contains in general two types 
of reflexions (i) a row of sharp oo.l (I = even) reflexions perpendicular to the 
direction of the tube axis, (ii) graphite-like reflexions of the type ho.o (and hh.o) 
which are situated in most cases on somewhat deformed hexagons inscribed in 
circles with radii gho.o (org hh ). 

Towards the central line these reflexions are sharply terminated at the positions 
of graphite reflexions, but they are severely streaked along the normal to the tube 
axis in the sense away from the axis. Mostly the pattern contains several such 
deformed hexagons of streaked spots, which differ in orientation giving rise to 
"split" graphite reflexions. The extent of the deformation of the hexagon depends 
on the direction of incidence of the electron beam with respect to the tube axis. 
With increasing tilt angle of the specimen pairs of reflexions related by a mirror 
operation with respect to the projection of the tube axis, approach one another 
along the corresponding circle and finally for a critical tilt angle they coalesce 
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into a single symmetrically streaked reflexion situated on the projection of the 
tube axis (Fig. 2). For certain tubes spots, situated on the projection of the tube 
axis, are sharp and unsplit under normal incidence [9]. 




Fig. 1. Typical ED pattern of polychiral MWCNT. The pattern is the superposition 
of the diffraction patterns produced by several isochiral clusters of tubes with 
different chiral angles. Note the row of sharp oo./ reflexions and the streaked 
appearance of 10.0 and 11.0 type reflexions. The direction of beam incidence is 
approximately normal to the tube axis. The pattern exhibits 2mm planar symmetry 
[9]. 



I Li 



Fig. 2. Evolution of an ED pattern on tilting the specimen about an axis 
perpendicular to the tube axis. (a.b,c) The spots A and B as well as C and D approach 
one another. In (d) the spots A and B coalesce. In (f) the spots C and D form a single 
symmetrical streak. The positions of the spots oo./ remain unchanged. On moving 
the spots A and B as well as C and D describe arcs of the same circles centred on the 
origin [9], 



Diffraction patterns of well isolated SWCNT are difficult to obtain due to the 
small quantity of diffracting material present, and also due to the fact that such 
tubes almost exclusively occur as bundles (or ropes) of parallel tubes, kept 
together by van der Waals forces. 



Simulated SWCNT ED patterns will be presented below. The most striking 
difference with the MWCNT ED patterns is the absence of the row of sharp oo.l 
reflexions. In the diffraction pattern of ropes there is still a row of sharp 
reflexions perpendicular to the rope axis but which now corresponds to the much 
larger interplanar distance caused by the lattice of the tubes in the rope. The ho.o 
type reflexions are moreover not only asymmetrically streaked but also 
considerably broadened as a consequence of the presence of tubes with different 
Hamada indices (Fig. 3). 




Fig. 3. (a) Diffraction pattern of a well formed rope (superlattice) of armchair-like 
tubes. Note the presence of superlattice spots in the inset (b). The broadening of the 
streaks of 1010 type reflexions is consistent with a model in which the SWCNTs 
have slightly different chiral angles. 

2.2 High resolution images [8-13] 

An image of an MWCNT obtained by using all available reflexions usually 
exhibits only prominently the oo./ lattice fringes (Fig. 4) with a 0.34 nm 
spacing, representing the "walls" where they are parallel to the electron beam. 
The two walls almost invariably exhibit the same number of fringes which is 
consistent with the coaxial cylinder model. 




Fig. 4. Singularities in MWCNT imaged by means of basal plane lattice fringes, (a) 
Straight ideal MWCNT. (b) Capped MWCNT. The tube closes progressively by 
clusters of 2-5 graphene layers. (c)(d) Bamboo-like compartments in straight tubes. 
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SWCNTs are imaged as two parallel lines with a separation equal to the tube 
diameter (Fig. 5). By image simulation it can be shown that under usual 
observation conditions the black lines correspond to graphene sheets seen edge 
on in MWCNT as well as in SWCNT tubes [7]. 




Fig. 5. Isolated SWCNT split off from a rope. The diffraction pattern produced by 
such a single tube is usually too weak to be recorded by present methods. The single 
graphene sheet in the walls is imaged as a dark line. 

In the central parts of certain images of MWCNT (Fig. 6) also the 0.21 nm 
spacing (d\QQ) ' s resolved, providing structure detail. The set of 0.21 nm fringes 
roughly normal to the tube axis are often curved revealing the polychiral nature 
of the tubes. The hexagonal bright dot pattern observed in certain areas of the 
central part is consistent with a graphitic lattice. Other areas exhibit orientation 
difference moire patterns due to the superposition of the graphene sheets either in 
the "front" and "rear" walls of the tube or of different isochiral clusters of 
graphene sheets. The orientation difference is a consequence of the chiral 
character of the tube. 




Fig. 6. High resolution image of straight part of an MWCNT; the 0.21 nm spacing 
is resolved next to the basal 0.34 mm spacing. The 0.21 nm fringes are curved [9]. 



18 



Under normal incidence high resolution images of ropes reveal usually sets of 
parallel lines corresponding to the parallel tubes. Occasionally a small segment 
of a rope is strongly bent making it possible to observe locally a rope along its 
length axis (Fig. 7). Such images show that the SWCNT are arranged on a 
hexagonal lattice. Due to the deformation resulting from van der Waals attraction 
the tubes in the lattice acquire an hexagonal cross section [14,15]. 




Fig. 7. High resolution images of ropes seen along their length axis, 
hexagonal lattice of SWCNT's (Courtesy of A. Loiseau). 



Note the 



3 Interpretation of the ED Patterns 

3. 1 Intuitive interpretation 

Several levels of interpretation have been proposed in the literature [9,16-19]. 
The oo./ reflexions are attributed to diffraction by the sets of parallel c-planes 
tangent to the cylinders in the walls as seen edge on along the beam direction; 
their positions are independent of the direction of incidence of the electron beam. 





<■>) 



(b) 



Fig. 8. Diffraction space according to the "disordered stacking model" (a) achiral 
(zigzag) tube (b) chiral tube. The parallel circles represent the inner rims of diffuse 
coronae, generated by streaked reflexions. The oo./ nodes generate sharp circles. In 
(a) two symmetry related 10.0 type nodes generate one circle. In the chiral case (b) 
each node generates a separate corona [9]. 

The "split" reflexions of the type ho.o (and hh.o) can be associated with the 
graphene sheets in the tangent planes perpendicular to the beam direction along 
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"top" and "bottom" part of the tube; the splitting results from the orientation 
difference between the structures in these planes. The magnitude of the splitting 
is a measure for (but is not identical to) the chiral angle r| of the corresponding 
tube or cluster of isochiral tubes [20]. The overall symmetry of the ED pattern 
should obey 2mm planar symmetry. 

3.2 The disordered stacking model [4,6,9] 

In a somewhat more sophisticated geometrical model it is assumed that the 
stacking in the walls is strongly disordered. As a consequence of the 
circumference increase by nc of successive coaxial cylinders the relative stacking 
of successive graphene sheets has to change with azimuth. Moreover assuming 
that nucleation of successive sheets takes place in random positions on the 
instantaneous surface the stacking is likely to be fully disordered in each volume 
element. The diffraction space of a disordered volume element of parallel 
graphene sheets consists of streaks along the local [00./] direction, through the 
hexagonal array of nodes in the local (00./) plane and of a row of sharp nodes, 
spaced by 2c along the local [00./] direction. 

The diffraction space of the MWCNT is thus formed by the loci generated by 
rotation about the tube axis, of the "features" of the local diffraction space of a 
volume element (Fig. 8). The resulting diffraction space consists of sharp circles 
in the plane through the origin perpendicular to the tube axis, described by the 
sharp oo./ nodes. The streaked nodes hereby generate "coronae" which are limited 
inwards by sharp circles with radii gho.o (° r £hh.o) ' n planes perpendicular to 
the tube axis and which fade gradually outwards (Fig. 8). In chiral tubes each 
streaked node generates a separate corona whereas in a chiral tube two mirror 
symmetrically related nodes generate a single corona. According to this model 
the diffraction pattern, which in ED is a planar section through the origin of 
diffraction space, has 2mm planar symmetry. This model accounts correctly for 
the geometrical behaviour on tilting, however taking intensities into account the 
2mm symmetry is sometimes broken in experimental images. The following 
model explains why this is so. 

3.3 The homogeneous shear model [ 16, 1 7] 

We now consider a cluster of isochiral coaxial tubes. Along the generator chosen 
as the origin of the azimuth the stacking is assumed to be well ordered and of the 
graphite type: ABAB ..., ABCABC ... or AAA ... . We inquire how this 
stacking changes with azimuth due to the systematic circumference increase and 
how this is reflected in diffraction space. We look in particular for the locus of 
the reciprocal lattice node corresponding to a family of lattice planes of the 
unbent structure, parallel to the tube axis (Fig. 9). 

In direct space successive layers are sheared homogeneously along cylindrical 
surfaces, one relative to the adjacent one, as a consequence of the circumference 
increase for successive layers. In diffraction space the locus of the corresponding 
reciprocal lattice node is generated by a point on a straight line which is rolling 
without sliding on a circle in a plane perpendicular to the tube axis. Such a locus 
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is an evolute of the circle. For equatorial reflexions (i.e. with a diffraction vector 
g perpendicular to the tube axis) the radius of the circle is Igl and the full pattern 
is generated by a set of equispaced points (2c ) on a tangent line to the circle. 
For a diffraction vector enclosing an angle y with the equator the radius of the 
circle, on which the linear set of points with spacing 2c is rolling without 
sliding, is g cos y [17]. 





(a) Direct Space 



(b) Reciprocal Space 



Fig. 9. Illustrating the "homogeneous shear model". In (a) the unit cell built on (aj, 
a2, 83) is sheared and becomes (a t ', a^, a 3 ') al azimuth a. In (b) the corresponding 
reciprocal unit cells (A1.A2.A3) and (A y\ A2', A3') are represented. Two 
successive tubes in an MWCNT are represented in (a). The locus described by the 
point P r ' is an evolute of the circle with radius (A3) [161. 

The full pattern consists of an integer number of pairs of circle evolutes starting 
at equispaced cusps, separated by 2c along the generating circle. If the initial 
stacking is disordered the cusps where pairs of evolutes start are distributed at 
random along the generating circle. They give rise to a fine structure of the 
coronae described above; this may cause the reinforcements sometimes observed 
in the streaks. For a more detailed discussion we refer to refs. 16 and 17. 



3.4 Kinematical theory [ 1 8, 1 9,2 1 ] 

3.4.1 SWCNT[18] 

Assuming kinematical diffraction theory to be applicable to the weakly 
scattering CNTs, the diffraction space of SWCNT can be obtained in closed 
analytical form by the direct stepwise summation of the complex amplitudes of 
the scattered waves extended to all scattering centres, taking the phase differences 
due to position into account. 

The planar representation of a graphene SWCNT is shown in Fig. 10. The 
"wrapping" vector of the SWCNT with Hamada indices (L, M), XX'-La\+Ma2 
(L, M; integer) is referred to the base vectors aj and a2 (with lajl = Ia2l = a) 
which enclose an angle of 60°. The tube is obtained by rolling up the graphene 
strip limited by the parallel segments AB in such a way that X and X coincide. 
On rolling up the outer parts of the strip are assumed to emerge from the plane 
of the drawing. The solid straight line in Fig. 10 is hereby transformed into a 
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right-handed "primitive" helix along which the scattering centres have cylindrical 
coordinates 



pj = /?<>; zj = zo +jp; <|>j = <t>o + — (zj - zo) = <t>o +-5^- 



(/'; integer) 



(1) 



where zo and <t>o refer to the origin, p is the z-level difference between two 
successive scattering centres; P is the pitch of the helix. The chiral angle is T| 
and C 2 = L?+M^+LM = 47i 2 /?o 2 ; Rq is the radius of the cylinder on which the 
helix is wound. 




(a) 



lb) 



Fig. 10. Kinematical theory (a) Planar development of chiral CNTs illustrating the 
positions of the scattering centres. The SWCNT is formed by making the limiting 
lines AB of the strip of graphene structure to coincide on rolling up the strip, (b) 
Magnified view of part of (a). The solid straight line becomes a right-handed 
primitive helix on rolling up. The heavy zigzag line becomes a zigzag helix on 
rolling up. The figure also illustrates lhe meaning of the symbols L, M,p, P, 6, T), C, 
Az], A<t>], Az2 and A<>2 (L>0, M>0). 

We first construct right handed zigzag helices, represented by thick solid zigzag 
lines in Fig. 10 and consisting of two "parallel" primitive helices related by the 
shift (Ami, Azi) corresponding to a screw displacement (A<t>i, Az\) along the 
cylindrical surface with radius Rq. We subsequently note that the complete 
SWCNT consists of L such parallel zigzag helices which are related in the planar 
representation by displacements jAu2,j&Z2 = 1.^-0 corresponding in space 
to screw displacements jA<t>2,jAz2- The relation between <|> and u is given by 
A<|) = 27i(Au/C). A similar decomposition of the same SWCNT in L—\M\ left 
handed primitive helices is equally possible. 

From the preceding decomposition in primitive helices follows that the 
amplitude diffracted by an SWCNT can be expressed in terms of the "structure" 
amplitude A\ (k) of a primitive helix which was shown in ref. 18 to be 
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Ai(k) = 22L/c(k)exp (i* z zo)£ M k ± R o) e*P f info* - <f>o) 

P m,n L 



xS 



\P P ). 



2\ 



(2) 



with /c(k): atomic scattering factor of carbon 

k: position vector in diffraction space (k-space) with components 
(k x , k y , k z ) k = K-Ko (Ko incident wave vector; K scattered 
wave vector) 

111 

k±: component of k normal to the tube axis (z-axis) k± = k x + k y 

k z : component of k parallel to the z-axis 

<(>£ = arclan(ky/ k x ); azimuth of k 

J n : Bessel function of orders; (w, n) integers 



The 8 functions limit the non-vanishing regions of £-space to discrete layer 
planes perpendicular to k z . These layer planes are infinitely sharp, because the 
helix was assumed to be infinitely long. Limiting the summation to a finite 
length of the helix would lead to broadening of these layer planes. 
For a zigzag helix the complex diffracted amplitude becomes 



A 2 (k)=Ai(kil +exp{i(* z Azi -nA<t>i)}] 



(3) 



hereby the origin of the second primitive helix was displaced with respect to that 
of the first one and the corresponding phase shift was taken into account. The 
exponent can be expressed in terms of the basic parameters L and M, 



A 2 (k)=Mi(k) 



exp 23t{« + m(2L + m)} + I 
3L 



(4) 



Finally the scattered amplitude for the complete SWCNT is obtained by 
summing the complex amplitudes of the L zigzag helices taking the phase 
differences properly into account by choosing a different origin for each zigzag 
helix. This leads to the summation of a finite geometrical progression: 



L-l 



A, s = A L (k) = A 2 (k)£ exp{« (k z Az2 - nA^j) 

7=0 



(5) 



in which the basic parameters L and M can be introduced. One obtains finally, 
after some simple but lengthy algebra 



/ \ L (U) = AB£.J 1 F,(k)8{k z -2EL) 
3d itL \ T l 



(6) 



where 
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F ,w= ex J2mo!\ £ j sL . mM {k±Ro) 

x expj* (sL - mAf)Ut - <|>o + S-)j/c(k) 

x "l + expjMfJl^lj]^, fiii^l + W^±M)J 

(7) 

with T = CfS/N; N is the largest common divisor of 2L+M and L+2M; 
d = a/f5, n+mM = sL (s = integer). The origin of the different factors is clear 
from the stepwise summation procedure. The 5-functions express selection rules 
limiting the non-vanishing values of A^(k) to discrete layer planes. 

This last expression allows us to compute the scattering density A/,(k)A/,*(k) in 
each point k of the diffraction space. Ewald's construction, generalised to a 
continuous distribution of scattering density, allows then to obtain the 
diffraction pattern for an arbitrary direction of incidence of the electron beam, as a 
quasi-planar section of diffraction space with a plane normal to the incident beam 
direction. Only sections containing the origin of diffraction space can 
experimentally be realised. The fine structure present in sections k z = constant * 
of diffraction space can nevertheless be explored by tilting the specimen 
revealing in this way line profiles through the layer planes. 

3.4.2 MWCNT [18] 

The diffraction space of MWCNTs can be computed by summing the complex 
amplitudes due to each of the constituent coaxial tubes. Taking into account 
possible differences in Hamada indices (L,-, Mi) as well as the relative stacking 
(described by zo.j, §0.j) one can formally write 

AMw(k) = 2, A,,s j (k, Lj, Mj, za.jdo.j) (8) 



The diffraction patterns due to different isochiral clusters are superimposed and 
well separated in a polychiral MWCNT diffraction pattern, suggesting that 
interference between waves scattered by tubes with different chiral angles can be 
neglected. It is therefore meaningful to discuss only isochiral clusters of tubes. 
Such clusters are only compatible with a constant intercylinder spacing c/2 for 
pairs of Hamada indices satisfying the condition C^ = Lp-+M^+LM - (nc/a)^. 
Approximate solutions are for instance (8, 1) and (5, 5) [16,17]. 

3.4.3 Ropes of SWCNT [22,23] 

The diffraction space of ropes of parallel SWCNT can similarly be computed by 
summing the complex amplitudes of the individual SWCNTs taking into 
account the relative phase shifts resulting from the lattice arrangement at 
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positions R/!,/ 2 = 'i A 1 + /2A2 (l\, I2', integers) (Aj, A2; base vectors of the 
two-dimensional (2D) hexagonal lattice of tube axes) IA 1 1 = IA2I = 2/?o- 
Formally one can write 

N\.Ni 

^bundle(k) = X ^.v.v,/|./ 2 ( k ' U\,li, A//|,/ 2 , Z0./i./ 2 . <t>0./|./ 2 ) exp(i'k»R/|,/ 2 ) 
/l./2=0 

(9) 

A hexagonal lattice of identical SWCNT's leads in diffraction space to a 2D 
lattice of nodes at positions h\^\+h2^2 w ' tn A,-»By = 27i8y. Spots 
corresponding to such nodes are visible in Fig. 3. 
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Fig. 11. Simulated diffraction space of a chiral (40, 5) SWCNT. (a) Normal 
incidence diffraction pattern with 2mm symmetry; (b),(c),(d) and (e) four sections of 
diffraction space at the levels indicated by arrows. Note the absence o( azimuthal 
dependence of the intensity. The radii of the dark circles are given by the zeros of the 
sums of Bessel functions [17]. 

3.4.4 Simulation of diffraction patterns [17,19] 

Several sections of the diffraction space of a chiral SWCNT (40, 5) are 
reproduced in Fig. 1 1. In Fig. 1 1(a) the normal incidence pattern is shown: note 
the 2mm symmetry. The sections k z = constant exhibit bright circles having 
radii corresponding to the maxima of the Bessel functions in Eq.(7). The absence 
of azimuthal dependence of the intensity is consistent with the point group 
symmetry of diffraction space, which reflects the symmetry of direct space i.e. 
the infinite chiral tube as well as the corresponding diffraction space exhibit a 
rotation axis of infinite multiplicity parallel to the tube axis. 
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Azimuth dependence is clearly present for achiral tubes such as for instance the 
(10, 10) tube of Fig. 12, where it reflects the 20-fold rotation symmetry of this 
tube in direct space. 




(10,10) 

Fig. 12. Simulated diffraction space for a (10, 10) armchair tube, (a) Normal 
incidence pattern, note the absence of oo.l spots, (b) Equatorial section. The pattern 

has 20-fold symmetry, (c) The section /:,=g ll ,7„('v3/2). The pattern contains 20 radial 
"black" lines, i.e. extinction occurs for the corresponding azimuthal orientations of 
Ewald's plane [17]. 

Figure 13 shows several sections of the diffraction space for a 10-layer 
MWCNT with Hamada indices (8£, k) with k = 5, 6, 7,... 14. For the sections 
(a)(ai)(a2) the initial stacking is assumed to be the ABAB ... stacking. Figure 
13(a) is the normal incidence pattern; its lacks 2mm symmetry (a\) and (a2) are 
sections at the level of the indicated layer lines k z = constant. Note the presence 
of well defined circle evolutes with two types of turning points spaced by c* 
along the generating circle. For the sections (b)(b])(b2) the initial stacking is 
randomly disordered. The normal incidence pattern (b) now exhibits 
approximately 2mm symmetry. In the layer planes (b|) and (b2) diffuse coronae 
are present. 




Fig. 13. Simulated diffraction space of a 10-layer monochiral MWCNT with Hamada 
indices (40+8/:, 5+k) with k=0,...,9. In (a), (a]) and (a 2 ) the initial stacking at <J> was 
ABAB.... whereas in (b), (b\) and (b2) the initial stacking was random, (a) The 
normal incidence pattern has a centre of symmetry only. (a|)(a 2 ) The cusps are of two 
different types. The arc length separating the cusps is c* (b) The normal incidence 
pattern now exhibits 2mm symmetry. (bi)(b 2 ) The cusps are distributed at random 
along the generating circles of the evolutes. These sections represent the diffuse 
coronae referred to in the "disordered stacking model" [17). 



26 



4 Microstructural Characterisation of CNTs 

The length and the diameter of MWCNT can be measured directly by TEM. 

From high-resolution transmission electron microscopy (HRTEM) images 

exhibiting oo.l fringes follows the number of coaxial tubes and possibly the 

microstructure of the caps in MWCNT, as viewed along the incident electron 

beam [24]. Also anomalous intercylinder spacings and defects are revealed in this 

way [1,11]. 

The average intercylinder spacing, which depends somewhat on the diameter, can 

be derived from the oo./ reflexions in the diffraction pattern, using the ho.o (or 

hh.o) spacing of graphite for internal calibrations since the latter seems to be 

independent of curvature. 

The angular splitting of the ho.o (or hh.o) reflexions is a measure for the chiral 

angle T|. However the observed splitting depends as the direction of incidence of 

the electron beam and must thus be corrected for tilt [20,25]. 

Using HRTEM the chiral angle can also be deduced from the moire" or 

coincidence pattern formed in the central area of the tube image between "front" 

and "back" surfaces of the tube. 

The diffraction patterns of isochiral clusters of tubes with different chiral angles 

in MWCNTs are superimposed in the composite pattern, the different chiral 

angles can be measured separately by diffraction contrast imaging [26]. 

The conventional hand of a particular isochiral cluster of tubes can be deduced 

from dark field diffraction contrast tilting experiments [26], 
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CHAPTER 4 



Structure of Multi-Walled and Single- 
Walled Carbon Nanotubes. EELS Study 

TAKESHI HANADA, YUJI OKADA and KIYOSHI YASE 



National Institute of Materials and Chemical Research, 
l-l Higashi, Tsukuba, 305-8565, Japan 



Several structural characterisations of carbon nanotubes (CNTs) with the 
cylindrical graphite are reviewed from the viewpoint of transmission electron 
microscopy (TEM). Especially, electron energy loss spectroscopy (EELS) by 
using an energy-filtered TEM is applied to reveal the dependence of fine structure 
of EELS on the diameter and the anisotropic features of CNTs. 



1 Introduction - Morphological Features of CNTs 

Since the discovery of carbon nanotubes (CNTs) [1], most of the observational 
works have been performed by using transmission electron microscope (TEM) 
[2,3]- There are three types of investigations: (i) longitudinal-direction 
observation of CNTs in addition to their cross-sectional one [1-10], (ii) structural 
analysis by transmission electron diffraction (TED) [1,4,5,11,12] and (iii) 
electron energy loss spectroscopy (EELS) to evaluate the electronic structures of 
CNTs [5,13-16]. Topological observation has also been carried out by using 
scanning tunnelling microscope (STM) [17] and atomic force microscope (AFM) 
[18]. 

TEM image obtained from a multi-walled CNT (MWCNT) lying in the plane 
of the specimen-support grid, is a longitudinal slice of tubes to represent pairs of 
dark lines as shown in Fig. 1(c). The number of pairs of lines corresponds to the 
number of graphitic sheets constructing the tubes. The distance between adjacent 
straight lines corresponds to the (002) spacing of graphitic sheets (0.34 nm). 
When the CNT has no inclusions in the hollow, the image would be vacant in 
the centre. This confirms that CNTs consist of coaxial graphitic sheets. When 
the CNTs are embedded in an epoxy resin and then ultra-microtomed to be thin 
section, the images reveal coaxial circles as shown in Fig. 1(d). The number of 
circles also corresponds to that of graphitic sheets. 

It is known that the electrical properties of CNTs; insulator, semiconductor or 
metal, are caused by the structure in graphitic sheet [2,3]. It is difficult to 
observe the individual graphitic structure in a sheet of CNT by TEM, because 
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those images are the projection along the incident electron beam and are 
superimposed by both the top and bottom layers as shown in Fig. 1(a). 
Although it is scarcely able to obtain a lattice image of the graphitic structure 
from a single-walled CNT (SWCNT), whole the CNT should be aligned normal 
to the incident electrons without any inclination and bending. Therefore, it is 
difficult to detect the helicity in a CNT from the images. Some investigations 
have been devoted to the structures at the end and around the bends of CNTs. 
There would be the presence of pentagons or heptagons, but it is also not easy to 
distinguish the individual polygons by TEM. 

On the other hand, TED patterns can assign the fine structure. In general, the 
pattern includes two kinds of information. One is a series of strong reflexion 
spots with the indexes of {00/}, 002, 004 and 006, and 101 from the side 
portions of MWCNTs as shown in Fig. 1(b). The indexes follow those of 
graphite. The TED pattern also includes the information from the top and 
bottom sheets in tube. The helicity would appear as a pair of arcs of 110 
reflexions. In the case of nano-probed TED, several analyses in fine structures 
have been done for SWCNT to prove the dependence on the locations [11,12]. 
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Fig. 1. (a) Geometrical relationship between incident electron beams in TEM and 
CNT, (b) typical TED pattern, (c) schematic illustration of image of CNT and (d) 
cross-sectional view of CNT. In the TED pattern, the indexes follow those of 
graphite. 
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The precise description of geometrical structures of CNTs has been reported by 
lijima [1], who was the first discoverer of carbon microtubules. Electron 
diffraction (ED) results are presented in Chap. 3. In this chapter, the authors will 
focus on the electronic structures of CNTs from the viewpoint of EELS by 
using TEM equipped with an energy-filter in the column or under the column. 



2 EELS of Carbon Materials 

Carbon has six electrons around the atomic core as shown in Fig. 2. Among 
them two electrons are in the K-shell being the closest position from the centre 
of atom, and the residual four electrons in the L-shell. The former is the Is state 
and the latter are divided into two states, 2s and 2p. The chemical bonding 
between neighbouring carbon atoms is undertaken by the L-shell electrons. Three 
types of chemical bonds in carbon are; single bond contributed from one 2s 
electron and three 2p electrons to be cited as sp' bonding, double bond as sp^ 
and triple bond as sp from the hybridised atomic-orbital model. 
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Left: Fig. 2. Atomic structure of carbon. 

Right: Fig. 3. Elastic and inelastic interactions between incident electrons and 
atom. 



When high-energy electrons are injected into thin specimen, most of them tend 
to pass through without any perturbation occurring from the substances, because 
the cross section of atomic nuclei is small enough to such electrons. Some of 
the incident electrons are elastically scattered to be diffracted, and the others 
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interact with electrons around atom to lose the energy as shown in Fig. 3. The 
value of energy loss in the incident electrons AE corresponds to the transferred 
excitation energy for the inner-shell, valence or conduction electrons in 
substances. More than 285 eV is necessary for the K-shell electrons in carbon 
atom to be excited to vacuum level as the ionisation energy. Since the ionisation 
energy is strongly dependent on each element, it is available to analyse the 
species from the energy loss known as characteristic X-ray measurement. 
Furthermore, the chemical bondings can be distinguished as the difference in the 
core-loss region of EELS patterns. The fine structures in EELS beyond the 
ionisation edge, an energy-loss near-edge structure (ELNES), give the 
information on the binding states. As shown in Fig. 4, EEL spectra of graphite 
(a) as well as Cgrj represent a sharp jc* excitation peak at 285 eV being lower 
than the main peak around 285 - 320 eV, while of diamond (b) have not. The 
sharp peak at 285 eV is assigned as Is — » jc* excitation and indicates the 
presence of energy level for the excited states in carbon atoms. The height and 
width of peaks depend on the density of excited states and the width of them, 
respectively. The oscillation terms in c* excitation, an extended energy-loss 
fine-structure (EXELFS) up to several hundreds eV from the ionisation edge, 
result from the interference between the electrons scattered by neighbouring 
atoms and the incident electrons, which represents the coordination of atoms and 
the distance between atoms. 



a 


71*- 


Excitation a) Graphite 

\ h 




ft 




\ ^ 


fe" 


M 

JD 
< 




\ 


J ' v ^ 


« 

is 

JO 

3, 


* 






£• 


n 




1 


i i 
(T*-Excitation 


a 


<u 






■U 

** 


a 
i— i 






a 




260 


280 300 320 340 360 








En 


ergy Loss (eV) 





b) Diamond 




<T*-Excitation 



260 280 300 320 340 
Energy Loss (eV) 



360 



Fig. 4. EEL spectra of (a) graphite and (b) diamond. These carbon allotropes 
represent different spectra: sp 2 bonding especially exhibits 7i*-excitation peak lower 
than the 0"*-excitation peaks (modified from ref. 16). 



3 Instruments and Characterisation Procedure 



Figure 5 shows a ray path in TEM equipped with a Castaing-Henry imaging 
filter lens (Zeiss CEM-902). The imaging filter lens consists of a double 
magnetic prism and an electrostatic mirror. There is a limitation to accelerating 
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voltage of 80 - 100 keV due to the risk of electrical breakdown at higher voltage. 
Nowadays, a purely magnetic filter lens, i2 (omega) filter, has been developed to 
be in routine use instead of the prism in Fig. 5. Other type of energy filter, post- 
column imaging spectrometer supplied from GATAN as Gatan Imaging Filter 
(GIF) is set under the fluorescent screen. 
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Fig. 5. Electron ray path of Castaing-Henry energy filter. 

Although a TEM gives a two-dimensional (2D) intensity distribution of the 
specimen, the energy losses in an EEL spectrum offer us a new dimension of 
electron microscopy. When the electrons with the information as image or 
diffraction are introduced into the prism spectrometer, energy-lost electrons with 
an energy of Eq - A£ should be bent more than the elastically scattered electrons 
with £f> The intensity distribution, EELS pattern, can be obtained on an energy 
dispersive plane. If the energy selecting slit was removed from the ray path, the 
spectrum can be recorded on 2D detector such as fluorescent screen, photographic 
film or CCD camera. Energy-filtering TEM can also be used to obtain an 
electron spectroscopic images (ESI) with an energy selecting slit in the energy 
dispersive plane. The filtered image or diffraction pattern appears on a fluorescent 
screen. It offers (1) zero-loss images protected from image blurring due to 
chromatic aberration and zero-loss diffraction patterns eliminating the inelastic 
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background, (2) better contrast images by taking a different energy losses and (3) 
elemental distribution (elemental mapping) using energy-lost electrons at the 
ionisation edges. 

According to the qualitative analysis of CNTs by using high resolution and high 
voltage (1 MeV) TEM equipped with a GIF [15], only 20 carbon atoms in 6 
layers tube were detected in carbon distribution image. In addition, the carbon 
mapping from a conical-tip region with progressive closure of graphitic sheets 
could distinguish the difference of 6 graphitic sheets in the intensity profile. One 
can get further information concerning EELS and electron spectroscopic imaging 
(ESI) by using an energy-filtered TEM in the textbooks [19-21]. 



3 Dependence of EEL Spectra on the Diameter of CNTs 

Although EELS patterns of CNTs are essentially the same as those of graphite, 
there are subtle but significant deviations in the spectra. Figure 6(a) shows the 
EEL spectra of CNTs and graphite in the energy ranges of - 45 eV (plasmon 
loss) and (b) 280 - 300 eV (core-loss), obtained by a high resolution EEL 
spectrometer [13,14], The energy resolution was 0.27 - 0.40 eV at the full width 
at half maximum (FWHM) of the zero-loss peak. There are two prominent peaks 
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Fig, 6. EEL spectra of bundle of four SWCNTs, MWCNT and graphite in the energy 
ranges (a) from to 45 eV (plasmon region) and (b) from 280 to 300 eV (carbon K- 
edge) (modified from ref. 14). 

in the low-loss region, 5 - 8 eV and 20 - 28 eV assigned to the n plasmon 
caused by the transition between n and 71* electron energy states and the 
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collective excitation of all the valence electrons (tc+cj plasmon), respectively. 
Both the energies of the tc plasmon and the n+G plasmon peaks of SWCNT are 
lower than those of MWCNT and graphite. Note that, in this case, the EELS 
was not obtained from an SWCNT but from a bundle consisting of four 
SWCNTs. Although the EEL spectra obtained from this SWCNT bundle showed 
the same plasmon energy, the n+a plasmon peak for MWCNT was shifted 
depending on the diameters. This can be interpreted by the fact that every 
graphitic sheet of the SWCNTs in the bundle has the same curvature, while the 
mean curvatures of the graphitic sheets in MWCNTs are different for tubes with 
different diameters. 

On the other hand, in the core-loss region, there are also two peaks. One is the 
transition from Is states to the unoccupied n* levels at 286 eV and the other is 
that to the unoccupied a* levels at 292 eV. Both peaks of the bundle of 
SWCNTs are broader than those of MWCNT and graphite. The tc* excitation 
peak of the MWCNT is slightly broader than that of graphite. The peak width 
relates to the energy states of excitation. The broadening of the n* energy states 
was caused by the curvature of the graphitic sheets and the effect of bundle 
formation. When the MWCNTs with different diameters, 5, 10 and 20 nm, were 
measured, the it* transition peaks of thinner CNTs tended to be narrower [ 1 6], In 
such a case, the broadening of the Is — > Jt* transition peak could be due to the 
strong curvature of the graphitic sheet. 



4 Angular Dependence of EEL Spectra of CNTs 

Dravid et al. examined anisotropy in the electronic structures of CNTs from the 
viewpoint of momentum-transfer resolved EELS, in addition to the conventional 
TEM observation of CNTs, cross-sectional TEM and precise analysis by TED 
[5]. Comparison of the EEL spectra of CNTs with those of graphite shows 
lower tc peak than that of graphite in the low-loss region (plasmon loss), as 
shown in Fig. 7(a). It indicates a loss of valence electrons and a change in band 
gap due to the curved nature of the graphitic sheets. 

The core-loss spectra of CNTs were compared with those of graphite under 
similar geometrical conditions. One is that the incident electrons are parallel to 
the tube axis (Fig. 7(b)), and the other normal (Fig. 7(c)). In the former case, the 
c-axis of all the sheets in CNTs is radially perpendicular to the electron beam. 
The core-loss EEL spectrum is identical to that of graphite, in which tc* 
excitation peak is smaller than that of a*. However, in the latter case, the tube 
axis is normal to the electron beam and the c-axis changes its direction according 
to the tubular structure with respect to the electron beam. The result in EEL 
spectrum of CNT shows that a* excitation peak is stronger than that of 7t*, 
unless in graphite the prominent tc* excitation peak appears. Such strong 
anisotropy of the electronic structure of CNTs concluded from the EELS should 
be concomitant with the strongly anisotropic electronic and magnetic properties. 
As mentioned above, EEL spectrum is sensitive to the structure. If a narrow slit 
was used instead of an objective aperture to be selected, a series of {00/) 
reflexion spots (000, 002, etc.) accompanied by the spectra from an MWCNT 
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appear on the fluorescent screen as shown in Fig. 8. It is called an angular- 
resolved EELS to probe the dependence of energy loss (AE) on the scattering 
angle (0) or momentum transfer. Leapman et al. examined the angular 
distributions of peaks in the EEL spectra from graphite in detail [22]. They 
concluded that the experimental results well agreed with the theoretical 
distributions for transitions to the final n* and a* states in a hybridised atomic- 
orbital model. 
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Fig. 7. (a) Low-loss EEL spectra of CNT and graphite and carbon core-loss EEL 
spectra of graphite and tubes in (b) normal geometry (the electron beam normal to the 
r-axis) and in (c) parallel geometry (the electron beam parallel to the c-axis of 
graphite and perpendicular to the tube axis) (modified from ref. 5). 



Figure 9 shows angular distribution of EELS of an MWCNT with a diameter of 
100 nm [16]. The core-loss spectra obtained from the 000 and 002 reflexions 
much resemble those of an MWCNT and graphite (Figs. 6(b) and 7(c)). The ji* 
excitation peak is smaller than that of a* excitation peak. In contrast, the 
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intermediate position, (000+002)/2, represents different feature in EEL spectrum 
as shown in Fig. 9(b). As mentioned above, when the tube is laid normal to the 
incident electrons, c-axis changes its direction according to the tubular structure. 
The 000 spot includes the whole information from the top and bottom, and both 
sides of tube, but the 002 spot has the information of the piling graphitic sheets 
oriented normal to the incident electrons. The situation might resemble that of 
graphite in Fig. 7(b). The reflected electrons along the direction of are free 
from the top and bottom planes of tube. The scattered electrons at intermediate 
position would include the strong interaction with lots of n electrons, which are 
arranged normal to the side planes and have large cross sections with respect to 
the incident electrons. So that the n* excitation peak should be larger than that 
of a* excitation peak as in Fig. 9(b). 
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Left: Fig. 8. Schematic illustration of angular-resolved EEL spectra for CNT with 
anisotropic structure. 



Right: Fig. 9. EEL spectra of an MWCNT obtained from the locations at 000, 
intermediate and 002 reflexions in the reciprocal space (modified from ref. 16). 
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5 Summary 

Although CNTs showed similar EELS pattern in plasmon-loss and core-loss 
regions to graphite, SWCNT and fine MWCNT with a diameter less than 5 nrn 
had different features. Furthermore, it has been found out that the angular- 
dependent EELS along the direction normal to the longitudinal axis of CNT 
shows stronger contribution from 7t electrons than a electrons. It has been 
confirmed that the anisotropy of CNT exists in the structure and electronic 
property. 
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1 Introduction 

Studies on the electronic structure of carbon nanotube (CNT) is of much 
importance toward its efficient utilisation in electronic devices. It is well known 
that the early prediction of its peculiar electronic structure [1-3] right after the 
rijima's observation of multi-walled CNT (MWCNT) [4] seems to have actually 
triggered the subsequent and explosive series of experimental researches of CNT. 
In that prediction, alternative appearance of metallic and semiconductive nature in 
CNT depending on the combination of diameter and pitch or, more specifically, 
chiral vector of CNT expressed by two kinds of non-negative integers {a, b) as 
described later (see Fig. 1 ). 

In this chapter the results of detailed research on the realistic electronic structure 
of single- walled CNT (SWCNT) are summarised with explicit consideration of 
carbon-carbon bond-alternation patterns accompanied by the metal-insulator 
transition inherent in low-dimensional materials including CNT. Moreover, 
recent selective topics of electronic structures of CNT are also described. 
Throughout this chapter the terminology "CNT" stands for SWCNT unless 
specially noted. 



2 Electronic Structure of CNT 

2.1 Definition of the configuration of tube (a, b) 

In order to examine the electronic structures of CNT it is necessary to first define 
the classification of structural configurations of CNT. The configuration of a 
CNT is constructed by enrolling a graphite sheet as illustrated in Fig. 1 . That is, 
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any tube configuration can be generated by superimposing the hexagon at the 
original point (denoted by O) to a hexagon indicated by (a, b) defined by a chiral 
vector R = ax + by, where x andy are the primitive vectors whose lengths are 
both equal to 1/3 dec w ' lri ^C-C indicating the C-C bond length. The tube 
generated by such a chiral vector (a, b) is called tube {a, b) in most of the 
literatures and, hence, we also use this notation in this chapter. The sector-range 
expressed by < 6 < tt/6 is enough for the generation of any tubes except the 
enantiomeric tube (b, a). Note that, however, definition of 6 often depends on 
each researcher. 




Fig. 1. Schematic representation of generation of tube (a, b). Note a>b. Hexagons 
with chiral vectors satisfying 2a + b = 3/V in condition I are shadowed. 




(b) 




Fig. 2. Outlook of CNT with (a) armchair (tube (a, a)), (b) zigzag (tube (a, 0)) and (c) 
helical (iube(<7, b) with < 6 < 7t/6) structures. 



The diameter D of tube (a, b) and the conformation angle 6 with equal dc-C are 
given by, 



D = Hdocy a 2 + ab + b 2 t 
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8 = arccos ( 2a + b — \ ( < e < S-V (1) 

\2V 'a 2 + ab + b 2 l X V 

The tubes (a, a) and (a, 0) are generated from hexagons with 8 = ji/6 and 0, 
respectively. These tubes become non-helical and are called, respectively, 
armchair and zigzag structures. Other condition (0 < 9 < ji/6) generates the tube 
(a, b) of helical structures (see Fig. 2). 

2.2 Electronic properties ofCNT - Simple analysis - 

Right after the discovery of MWCNT [4] several reports on the electronic 
structures of CNT were almost immediately reported based on rather simple 
tight-binding method or its equivalent [1-3,5,6]. The most interesting and 
important features therein [1-3] were that CNT will become either metallic or 
semiconductive depending on the configuration of CNT, that is, 

Condition I 

CNT is metallic if 2a + b = 3/V (N\ positive integer) 
CNT is semiconductive if la + b * 3N 

assuming that there is no bond alternation of carbon-carbon bond distances. The 
terminology "metallic" signifies zero bandgap here. This condition is easily 
understood from the analytical expression of band structure for any tube (a, b), 

EfJCfN = a + p 1 + 4cos (2E^ _ a±2Lki\ ■ cos (&-] + 4cos 2 (&-] 

(N = 1, 2, 3 , a) (2) 

where a and P represent the Coulomb and transfer integrals, respectively, as 
usual and I (= (3/2)dc-C) tne translation length of the unit cell. A typical 
metallic band structure is shown in Fig. 3. 

Although it is required to refine the above condition I in actuality, this rather 
simple but impressive prediction seems to have much stimulated the 
experiments on the electrical-conductivity measurement and the related solid-state 
properties in spite of technological difficulties in purification of the CNT sample 
and in direct measurement of its electrical conductivity (see Chap. 10). For 
instance, for MWCNT, a direct conductivity measurement has proved the 
existence of metallic sample [7]. The electron spin resonance (ESR) (see Chap. 
8) [8] and the '^C nuclear magnetic resonance (NMR) [9] measurements have 
also proved that MWCNT can show metallic property based on the Pauli 
susceptibility and Korringa-like relation, respectively. On the other hand, 
existence of semiconductive MWCNT sample has also been shown by the ESR 
measurement [ 10], For SWCNT, a combination of direct electrical conductivity 
and the ESR measurements has confirmed the metallic property of the sample 
employed therein [11]. More recently, bandgap values of several SWCNT 
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samples with different combination of chiral vectors a and b have been estimated 
by the scanning tunnelling microscope/scanning tunnelling spectroscopy 
(STM/STS) methods [12,13]. 
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Fig. 3. Hiickel-type band structure of tube (10, 10). 

2.3 Consideration of bond alternation - Realistic analysis - 

As mentioned above, the condition I is rather naive for consideration of the 
electronic structure of actual CNT due to the following two reasons: 
(1) It is well known that metallic electronic structure is not generally realised in 
low-dimensional materials on account of metal-insulator transition (or Peierls 
transition [14]). This transition is formally required by energetical stabilisation 
and often accompanied with the bond alternation, an example of which is 
illustrated in Fig. 4 for metallic polyacetylene [15]. This kind of metal-insulator 
transition should also be checked for CNT satisfying 2a + b = 3N, since CNT is 
considered to belong to also low-dimensional materials. Representative bond- 
alternation patterns are shown in Fig. 5. Expression of band structures of any 
isodistant tubes (a, b) is equal to those in Eq.(2). Those for bond-alternation 
patterned tube (a, b) are given by, 



E(k)% = a ± j8 



l 2 +4mcosln-tL + (a - b) kl 
a 2a 



x cos 



(nM _ (a±bh l) + 4 cos 2 UtL - (£±bl k t ) 
\ a 2a I \ a 2a I 



(for Alt \;N= 1, 2, 3 , a) 

where m is defined by the ratio Pc=C^Pc-C an d 



(3) 
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E(k)% = a ± p 



a 2a 



x cos (S^- - iu /) + 4 cos 2 (sJV - l?-k l) 
\ a 2a I \ a 2a I 



(for Alt 2; N = 1, 2, 3, a) 



(4) 



The analytical expression for the Kekule type has also been derived [16] but 
omitted here for simplicity. 
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Fig. 4. Peierls transition in metallic polyacetylene and accompanied generation of 
bond alternation. Note that the semiconductive (or insulating) structure accompanied 
with the bond alternation is the more energetically stable. 
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Zigzag 
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Alt 1 




Alt 2 



Tube axis 




Fig. 5. Possible bond-alternation patterns of CNTs: (a) Isodistant (Iso), (b) bond- 
alternant 1 (Alt 1), (c) bond-altemant 2 (Alt 2) and (d) Kekule patterns. 
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Changes in the bandgap values depending on these patterns are summarised in 
Table 1 [16], where it is shown that only armchair-type CNT can have zero 
bandgap at a certain bond-alternation pattern even if they have not isodistant 
bond patterns. It should be emphasised that actual bond pattern is decided only by 
the viewpoints of energetical stabilisation, which cannot be predicted by the 
Hiickel-type tight-binding calculation. 



Table 1. The bandgap values of CNTs satisfying 2a + b 
alternation patterns. 



3N with various bond- 



Armchair 
tube (a, a) 



Zigzag 
tube (a, 0) 



Helical 
tube (a, b) 



Iso 



Alt 1 



2lp|.(Vl+«+«2-I) Non-zero* 



Alt 2 
Kekule 



2ipi- m 



,2 0-3#n) 



Am 
2lpl-(/n- 1) 



2ipi-(m- 1) 
2ipi-(/n- 1) 



Non-zero a 
2ipi-(m- 1) 



a These values lie between those of the corresponding armchair and zigzag structures. 
The explicit expressions have been given in ref. 16. 



(a). 



Mirror Plane 



£~^ 



(b). 




Fig. 6. Examples of (a) mirror symmetry and (b) non-symmetry with respect to the 
tube axis. The HO-LU band crossing in (a) changes into 'avoid crossing' in (b). 
Notations S and A signify symmetric and antisymmetric with respect to the mirror 
symmetry, respectively, for instance. 

(2) Appearance of the metallic structure of CNT is based on the crossing of the 
highest occupied (HO) and the lowest unoccupied (LU) bands (see, e.g., Fig. 3), 
each accompanying pseudo n-type crystal orbital. Note that pseudo 7i-type 
orbital, particularly when all the valence atomic orbitals (AO) are taken into 
consideration, implies that its main AO component is normal to the cylindrical 
CNT surface. The band crossing mentioned above is possible when these two 
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pseudo n bands belong to different subsymmetry groups [17], which can be 
satisfied with only in the tube having a mirror symmetry with respect to a plane 
including the tube axis on it (see Fig. 6). For instance, helical-type tubes (a, b) 
cannot become metallic even if they satisfy the relationship 2a + b = 3/V due to 
lack in such mirror symmetry, the fact of which is neglected in the HiickeJ-type 
tight-binding calculations dealing with only the topological network of CNT. 
Considering the implication shown in Table 1, the metallic property can thus 
appear only in Iso or Alt 1 type of tube (a, a) and Iso type of tube (a, 0) as far as 
such bond patterns are favoured from energetical point of view. The energetical 
optimisation including a-electrons has only been performed with respect to tubes 
(5, 5) and (9, 0) (both with diameters of ~7 A) hitherto [18], where it was found 
Alt 1 type is the most stable in tube (5, 5) and Alt 2 in tube (9, 0). Therefore, it 
has been turned out that tube (5, 5) can be metallic but tube (9, 0) not in 
actuality as shown in Fig. 7. Hence the improved version of the condition I can 
be summarised as, 

Condition II 



Armchair structure: 
Zigzag structure: 
Helical structure: 
All other tubes: 



Tube (a, a) will have the bond pattern of Alt I and 

be metallic. 

Tube (3a, 0) will have the bond pattern of Alt 2 and 

be narrow-gap semiconductive. 

Tube (a, b) with 2a + b = ?>N will be narrow-gap 

semiconductive. 

Wide-gap semiconductive. 



> 
Si 

1 

u 

B 

w 




> 






<u 

a 
w 



*J1 

Wave vector (k) 

(a) 




tUI 

Wave vector (it) 

(b) 



Fig. 7. Band structures of energetically optimised (a) tube (5, 5) and (b) tube (9, 0) 
[18]. 



A couple of theoretical studies [5, 1 9] have hitherto attempted to estimate the 
Peierls transition temperature (Tp) for metallic CNT. A detailed theoretical check 
with respect to the stability of metallic wavefunction in tube (5, 5) has also 
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assured that the wavefunction is stable against the Peierls transition causing the 
band opening or, in other words, metal-insulator transition [20]. Lack in the 
Peierls transition of tube (5, 5) can be understood from small values of special 
interelectron repulsion integrals called as Fermi integrals [21]. This tendency 
will possibly be able to extend to the tubes with larger diameters such as tube 
(10, 10), to which observed metallic properties of SWCNT has been ascribed 
[11,22]. 



3 Related Topics of Electronic Structure of CNT 

3. 1 Interlayer and intertube interactions 

An MWCNT has inner concentric tube(s) with smaller diameter(s) inside its 
hollow, and it is normally prepared in the carbon electrode of the arc-discharging 
method or by chemical vapour deposition method (see Chaps. 2 and 12). 
Influence of such inner tubes on the most outer layer in MWCNT is of interest 
with respect to electronic similarity of MWCNT and SWCNT. 
The optimised interlayer distance of a concentric bilayered CNT by density- 
functional theory treatment was calculated to be 3.39 A [23] compared with the 
experimental value of 3.4 A [24]. Modification of the electronic structure 
(especially metallic state) due to the inner tube has been examined for two kinds 
of models of concentric bilayered CNT, (5, 5)-(10, 10) and (9, 0)-(18, 0), in the 
framework of the Huckel-type treatment [25]. The stacked layer patterns 
considered are illustrated in Fig. 8. It has been predicted that metallic property 
would not change within this stacking mode due to symmetry reason, which is 
almost similar to the case in the interlayer interaction of two graphene sheets 
[26]. Moreover, in the three-dimensional graphite, the interlayer distance of 
which is 3.35 A [27], there is only a slight overlapping (0.03-0.04 eV) of the 
HO and the LU bands at the Fermi level of a sheet of graphite plane [28,29]. 





Fig. 8. Stacking patterns of bilayered CNTs: (a) (5, 5)-(10, 10) and (b) (9, 0)-(18, 
0). The inner tube lattice (dotted line) is projected onto the outer one (solid line) 
(simplified from ref. 25). 

Thus it seems that the electronic structure of the inner tube does not seriously 
affect that of the most outside tube in MWCNT. More detailed theoretical and 
experimental examination on MWCNT is obviously desirable for complete 
understanding of miscellaneous interlayer interaction. 

It has been referred to that SWCNT forms a bundle or rope by aggregating 
several hundreds of SWCNTs in parallel [22]. Intertube interaction in such 
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bundle of tube (10, 10) has been examined by a perturbation technique and it has 
been clarified that the interaction causes the broken symmetry leading to the 
pseudogap of ca. 0.1 eV [30]. Such pseudogap would result in semimetal-like 
temperature dependence of electrical conductivity of the SWCNT rope with both 
electron and hole charge carriers. 

3.2 Superconductivity 

It will be intriguing to theoretically examine the possibility of superconductivity 
in CNT prior to the actual experimental assessment. A preliminary estimation of 
superconducting transition temperature (T c ) for metallic CNT has been performed 
considering the electron-phonon coupling within the framework of the BCS 
theory [31]. It is important to note that there can generally exist the competition 
between Peierls- and superconductivity (BCS-type) transitions in low- 
dimensional materials. However, as has been described in Sec. 2.3, the Peierls 
transition can probably be suppressed in the metallic tube (a, a) due to small 
Fermi integrals as a whole [20]. 

In metallic tube (a, a) two bands cross at the Fermi level (see, Figs. 3 and 7(a)), 
the electron-phonon coupling between the two different bands should be also 
considered in general. The superconducting transition temperature (T c ) for tube 
(5, 5) has been estimated, in the course of which it was found that the intraband 
backward scattering by the longitudinal modes plays an important role for the 
occurrence of superconducting state. Specifically for tube (5, 5) with a diameter 
of - 7 A, the T c was obtained to be 1 .5 x 1 0~4 K. This extremely low T c 
seems to eventually come from the small density of states at the Fermi level in 
metallic tube (5, 5), which seems to common to tube (a, a) since the expression 
forms of the HO and the LU bands in sinusoidal functions do not essentially 
change for any a as is clear from Eq.(2) [16]. 

This restriction, however, could be circumvented by the doped CNT with either 
Lewis acid or base [32-36], since such doping, even to semiconductive CNT 
could enhance the density of states at the Fermi level as well as bring about the 
metallic property. Appearance of metallic conductivity in helical CNT by such 
doping process would be of interest in that it could make molecular solenoid of 
nanometer size [37]. 



4 Summary 

Electronic structures of SWCNT have been reviewed. It has been shown that 
armchair-structural tubes (a, a) could probably remain metallic after energetical 
stabilisation in connection with the metal-insulator transition but that zigzag 
(3a, 0) and helical-structural tubes (a, b) would change into semiconductive even 
if the condition 2a + b = 3N is satisfied. There would not be so much difference 
in the electronic structures between MWCNT and SWCNT and these can be 
regarded electronically similar at least in the zeroth order approximation. Doping 
to CNT with either Lewis acid or base would newly cause intriguing electronic 
properties including superconductivity. 
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The phonon dispersion relations of the carbon nanotubes (CNTs) are obtained by 
the force constant model scaled from those two-dimensional graphite. Using 
non-resonant bond polarisation theory, the Raman intensity of a single-walled 
CNT (SWCNT) is calculated as a function of the diameter and chirality of the 
CNT The calculated Raman frequencies clearly depend on the CNT diameter. 
The polarisation and sample orientation dependence of the Raman intensity 
shows that the symmetry of the Raman modes can be obtained by varying the 
direction of the CNT axis, keeping the polarisation vectors of the light fixed. 
The effect of the finite length of the CNT on the Raman intensity is important 
for obtaining the middle frequency range of the Raman modes. The resonant 
Raman effect of CNT distinguishes metallic and semiconducting CNTs. 



1 Raman Spectra of Nanotube 

An important advance in carbon nanotube (CNT) science [1,2] is the synthesis 
of single-walled CNTs (SWCNTs) in high yield using transition metal catalysts, 
resulting in a bundle of SWCNTs containing a triangular lattice of CNTs, 
known as a rope [3,4]. Using such CNT ropes, several solid state properties 
pertaining to a single CNT have been observed. In particular, many groups [5-9] 
have reported Raman spectra for SWCNTs in which they assigned observed 
Raman modes with specific (n, m) CNTs. They showed that the Raman signal 
from the rope consists of not only the graphite-related £2g (or £g) modes, which 
occur in the high frequency region around 1550-1600 cm" 1 , but also contains a 
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low frequency (50-300 cm" 1 ) Aig-active mode that is not observed in graphite, 
and is known as the CNT radial breathing mode. In the intermediate frequency 
region (400-1350 cm" 1 ), weak signals are also observed, but the assignment of 
each Raman feature to a specific («, m) SWCNT is still not understood. Thus it 
is important to investigate the Raman spectra theoretically in order to assign the 
spectra to («, m) CNTs reliably. 

The group theory for CNTs predicts that, depending on the CNT symmetry, 
there are 15 or 16 Raman-active modes at k-Q> for all armchair («, n), zigzag («, 
0) and chiral («, m), (n*m) CNTs [1,10]. The number of Raman-active modes 
does not depend on the number of carbon atoms in the unit cell, which is given 
by 2/V = 4(« 2 +w 2 +«w)/d/j for («, m) CNTs [ 1 ]. Here cIr is the highest common 
divisor of (2m+n) and (2n+m). Raman-active modes corresponding to the (A\g, 
E\g, E2g) or (A\, E\, £2) irreducible representations of the point group for the 
unit cell, depending on whether the CNT is achiral or chiral, respectively. The 
A\g, E\o and E%g Raman modes, which behave like a second-rank tensor, have 
(;t 2 +.y 2 , z 2 ), 2 (xz, yz) and 4 (;t 2 -;y 2 , xy) nodes of vibration around the tube 
axis in the z direction. Furthermore, since there are two equivalent carbon atoms, 
A and B, in the unit cell, the Raman modes consist of in-phase and out-of-phase 
motions for the A and B atoms, which appear in the low and high frequency 
regions, respectively. 

An interesting point concerns polarisation effects in the Raman spectra, which 
are commonly observed in low-dimensional materials. Since CNTs are one- 
dimensional (ID) materials, the use of light polarised parallel or perpendicular to 
the tube axis will give information about the low dimensionality of the CNTs. 
The availability of purified samples of aligned CNTs would allow us to obtain 
the symmetry of a mode directly from the measured Raman intensity by 
changing the experimental geometry, such as the polarisation of the light and 
the sample orientation, as discussed in this chapter. 

In the following sections, we first show the phonon dispersion relation of 
CNTs, and then the calculated results for the Raman intensity of a CNT are 
shown as a function of the polarisation direction. We also show the Raman 
calculation for a finite length of CNT, which is relevant to the intermediate 
frequency region. The enhancement of the Raman intensity is observed as a 
function of laser frequency when the laser excitation frequency is close to a 
frequency of high optical absorption, and this effect is called the resonant Raman 
effect. The observed Raman spectra of SWCNTs show resonant-Raman effects 
[5, 8], which will be given in the last section. 



2 Phonon Dispersion Relations 

A general approach for obtaining the phonon dispersion relations of CNTs is 
given by tight binding molecular dynamics (TBMD) adopted for the CNT 
geometry, in which the atomic force potential for general carbon materials is 
used [5,10]. Here we use the scaled force constants from those of two- 
dimensional (2D) graphite [2,1 1], and we construct a force constant tensor for a 
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constituent atom of the SWCNT so as to satisfy the rotational sum rule for 
force constants [12,13]. Since we have 2/V carbon atoms in the unit cell, the 
dynamical matrix to be solved becomes a 6/V x 6/V matrix. The equations of 

motion for the displacement of the ith coordinate, «, = (*,-, yj, z,) for 2/V atoms 

in the unit cell are given by M,Uj = LjK^^uj - «,-), (/=], ..., 2/V), where Mi is 

the mass of the Ah atom and KW represents the 3 x 3 force constant tensor that 
couples the ith andy'th atoms. In a ID material, the force constant tensor for a 

given k vector is given by multiplying the force constant parameters with the 
phase factor exp(ikAzjj), where Azjj is the distance between ith and y'th atoms 
along the tube axis. The sum over j is normally taken over only a few 
neighbour distances relative to the /th site, which for a 2D graphene sheet has 
been carried out up to 4th nearest-neighbour interactions [14]. Using the Fourier 

transform of the displacements «,, we get a 6/V x 6/V dynamical matrix D(k) for 

a given k which satisfies D(k)ii% = 0. To obtain the eigenvalues (a 2 (k) for D(k) 

and the non-trivial eigenvectors m£^0, we solve the secular equation 



det D(k) = for a given k vector. 
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Fig. 1. (a)Phonon dispersion relations and (b)phonon density of states for 2D 
graphite (left) and a (10, 10) CNT (right) [12]. 



In Fig. 1 we show the results thus obtained for (a) the phonon dispersion 
relations C0(£) and (b) the phonon density of states (DOS) for 2D graphite (left) 
and a (10, 10) armchair CNT (right). Here T denotes the unit vector along the 
CNT axis [1]. For the 2/V = 40 carbon atoms per circumferential strip for the 
(10, 10) CNT, we have 120 vibrational degrees of freedom, but because of mode 
degeneracies there are only 66 distinct phonon branches, for which 12 modes are 
non-degenerate and 54 are doubly degenerate. The phonon DOS for the (10, 10) 
CNT is close to that for 2D graphite, reflecting the zone-folded CNT phonon 
dispersion. 

There are four acoustic modes in CNT. The lowest acoustic modes are the 
transverse acoustic (TA) modes, which are doubly degenerate, and have x and y 
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displacements perpendicular to the CNT z axis. The next acoustic mode is the 
"twisting" acoustic mode (TW), which has G-dependent displacements in the 
CNT surface. The highest energy mode is the longitudinal acoustic (LA) mode 
whose displacements occur in the z direction. The sound velocities of the TA, 

TW and LA phonons for a (10, 10) CNT, df% 10) , v^§ 10) and u['£ 10) , are 
estimated as v ( T l % 10) = 9.42 km/s, u^ l0) = 15.00 km/s and 
u la ' 0) = 20.35 km/s, respectively. The calculated phase velocity of the in- 
plane TA and LA modes of 2D graphite are u^a = 15.00 km/s and 
u 6a = 21.11 km/s, respectively. Since the TA mode of the CNT has both an 
in-plane' and an 'out-of-plane' component, the CNT TA modes are softer than 
the in-plane TA modes of 2D-graphite. The calculated phase velocity of the out- 
of-plane TA mode for 2D-graphite is almost km/s because of its k 
dependence. On the other hand, the TW and LA modes of the CNT have only an 
in-plane component which is comparable in slope to the in-plane TA and LA 
modes of 2D graphite, respectively. It is noted that the sound velocities that we 
have calculated for 2D graphite are similar to those observed in three- 
dimensional (3D) graphite [15], for which u9a D = 12.3 km/s and 
u9a d = 2 1 .0 km/s. The discrepancy comes from the interlayer interaction 
between the adjacent graphene sheets. 
From the value for u^' l0) , the elastic constant, C\ \, where 1 denotes zz, can 

be estimated by Ula = VC7| j/p, in which p is the mass density of the carbon 
atoms. When we assume a triangular lattice of CNTs with lattice constants [4] 
a- 16.95 A and c= 1.44 x Vsf A, the mass density p becomes 1.28 x 10 3 
kg/m 3 from which we obtain the Young's modulus C\ \ - 530 GPa. The Young 
modulus, is almost the same as for C\\ since C\2 is expected to be much 
smaller than in 2D graphite. This value for the Young's modulus is much 
smaller than C\ \ - 1060 GPa for graphite [15] and the range discussed by 
several other groups [16,17]. The difference in the estimate for the Young's 
modulus, given here, is due to the smaller values for the mass density. 
It is interesting to note that the lowest phonon mode with non-zero frequency at 
k = is not a nodeless A \g mode, but rather an Z?2g mode with four nodes in 
which the cross section of the CNT is vibrating with the symmetry described by 
the basis functions of x 2 -y 2 - and xy. The calculated frequency of the £2g mode 
for the (10, 10) CNT is 17 cm" 1 . Though this predicted mode is expected to be 
Raman-active, there is at present no experimental observation of this mode. 
Possible reasons why this mode has not yet been observed experimentally are 
that the frequency may be too small to be observed readily because of the strong 
Rayleigh scattering very close to o) = 0, or that the frequency of the £2g mode 
may be modified by the effect of tube curvature and inter-CNT interactions. 
The strongest low frequency Raman mode is the radial breathing A\g mode 

whose frequency is calculated to be 165 cm" 1 for the (10, 10) CNT. Since this 
frequency is in the silent region for graphite and other carbon materials, this Ajg 
mode provides a good marker for specifying the CNT geometry. When we plot 
the A\g frequency as a function of CNT diameter for (n, m) in the range 
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8 < n < 10, < m < n , the frequencies are inversely proportional to r within 
only a small deviation due to CNT curvature [12]. The fitted power law for the 
A ig radial breathing mode that is valid in the region 3 A < r < 7 A: 

//• n0 , 0) y.0017±0.0007 

»M = «»(io,io)( J1 7 i ^J (l) 

should be useful to experimentalists. Here O)(io, io) and n^\o, io) are, respectively, 
the frequency and radius of the (10, 10) armchair CNT, with values of 
ot> ( 10, 10) — 165 cm" 1 and /^ io, io) = 6.785 A, respectively. As for the higher 
frequency Raman modes, we see some dependence on r, since the frequencies of 
the higher optical modes can be obtained from the folded k values in the phonon 
dispersion relation of 2D graphite [7]. 



3 Raman Intensity 

Using the calculated phonon modes of a SWCNT, the Raman intensities of the 
modes are calculated within the non-resonant bond polarisation theory, in which 
empirical bond polarisation parameters are used [18]. The bond parameters that 
we used in this chapter are an - a^ = 0.04 A 3 , a'n + 2a^ = 4.7 A 2 and 
ot'n - al = 4.0 A 2 , where a and a' are the polarisability parameters and their 
derivatives with respect to bond length, respectively [12]. The Raman intensities 
for the various Raman-active modes in CNTs are calculated at a phonon 
temperature of 300K which appears in the formula for the Bose distribution 
function for phonons. The eigenfunctions for the various vibrational modes are 
calculated numerically at the T point (k=0). 

3.1 The polarisation dependence of the Raman intensity 

In Fig. 2, we show the calculated Raman intensities for the (10, 10) armchair, 
(17, 0) zigzag and (11, 8) chiral CNTs, whose radii are, respectively, 6.78 A, 
6.66 A and 6.47 A and are close to one another. The Raman intensity is 
normalised in each figure to a maximum intensity of unity. Further the Raman 
intensity is averaged over the sample orientation of the CNT axis relative to the 
Poynting vector, in which the average is calculated by summing over the many 
possible directions, weighted by the solid angle for that direction. Here we 
consider two possible geometries for the polarisation of the light: the VV and 
VH configurations. In the VV configuration, the incident and the scattered 
polarisations are parallel to each other, while they are perpendicular to each other 
in the VH direction. 

When we compare the VV with the VH configurations for the polarised light, 
the Raman intensity shows anisotropic behaviour. Most importantly, the A\g 
mode at 165 cm" 1 is suppressed in the VH configuration, while the lower 
frequency E\„ and £2g modes are not suppressed. This anisotropy is due to the 
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degenerate vibrations of the £ modes, whose eigenfunctions are partners that are 
orthogonal to each other, thus giving rise to large VH signals. 
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Fig. 2. Polarisation dependence of the Raman scattering intensity for (a) (10, 10) 
armchair (r=6.78 A), (b) (17, 0) zigzag (r=6.66 A) and (c) (11, 8) chiral (r=6.47A) 
CNTs. The left column is for the VV configuration and the right column is for the VH 
configuration [12]. 

It is interesting that the higher frequency A ] g mode does not show much 
suppression between the VV and VH geometries, which is related to the 
direction of the vibrations. In the high frequency region, the Raman active A\g 
modes come from folding the E2g mode of 2D graphite at 1582 cm' 1 which 
corresponds to C=C bond stretching motions for one of the three nearest 
neighbour bonds in the unit cell. When we see the directions of the out-of-phase 
motions of the Aj g modes, the C=C bond-stretching motions can be seen in the 
horizontally and the vertically vibrating C=C bonds for armchair and zigzag 
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CNTs, respectively. Thus, in the cylindrical geometry, we may get a result that 
is not so polarisation sensitive. On the other hand in Qjrj, since all 60 atoms 
are equivalent, no carbon atom can move in an out-of-phase direction around the 
C$ axes for either of the two A\g modes, so that both modes show similar 
polarisation behaviours to each other [1]. 
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Fig. 3. Raman intensities as a function of the sample orientation for the (10, 10) 
armchair CNT. As shown on the right, 8] and 02 are angles of the CNT axis from the z 
axis to the x axis and the y axis, respectively. 63 is the angle of the CNT axis around 
the z axis from the x axis to the y axis. The left and right hand figures correspond to 
the Wand VH polarisations [12]. 



When we compare the calculated Raman intensities for armchair, zigzag and 
chiral CNTs of similar diameters, we do not see large differences in the lower 
frequency Raman modes. This is because the lower frequency modes have a long 
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wavelength, in-phase motion, so that these modes cannot see the chirality of the 
CNT in detail, but rather the modes see a homogeneous elastic cylinder. 
It is noted that we do not obtain any intensity in the calculation for the 
intermediate frequency region. However the Raman experiments on SWCNTs 
show weak peaks in the intermediate region which have been assigned to 
armchair modes [5]. In the experiment broad peaks around 1 350 cm" 1 are known 
to be associated with symmetry-lowering effects in disordered graphite [19] and 
in carbon fibres [15]. The relative intensity of the broad peak around 1350 cm"' 
to the strong £2g mode at 1582 cm" 1 is sensitive to the lowering of the crystal 
symmetry of 3D graphite [19,20], and the amount of disorder in carbon fibres 
[15] and in graphite nano-clusters [21] can be controlled by the heat treatment 
temperature 7*ht or by ion implantation [22]. The non-zero-centre phonon mode 
at 1365 cm" 1 has a flat energy dispersion around the M point in the Brillouin 
zone of graphite, which implies a high phonon DOS [23]. Moreover, in small 
aromatic molecules, though the frequency and the normal mode displacements 
are modified by the finite size effect, these M point phonon modes become 
Raman active [24] and have a large intensity [21,25]. Thus some symmetry- 
lowering effects such as the effect of the end caps, the bending of the CNT, and 
other possible defects are relevant to the Raman intensity for this M-point mode, 
though the presence of disordered carbon phases could also contribute to this 
mode. 
When we calculate the Raman intensity of a (10, 10) CNT for a finite length 20 

T where T is the unit vector along the tube axis, we get weak peaks with A \ g 
symmetry in the intermediate frequency region for in-phase vibrations that are 
parallel to the tube axis. In the infinite straight tube, this vibration is silent 
because of the absence of polarisation along the z axis. However, in the finite 
CNT, polarisation effects appear at the ends of the CNT, which is why we get 
scattering intensity from the A\g modes in the intermediate frequency region in 
the case of tubes with finite length with different numbers of nodes. The reason 
why we get Raman scattering intensity at several frequencies is relevant to the 
standing waves arising in tubes of finite length. Because of the lack of periodic 
symmetry, all overtone modes become Raman active. It is noted that there is a 
special edge mode at 1217 cm" 1 for which the A\g breathing mode is localised 
at an open end of the CNT. These modes are possible origins for Raman peaks 
in the intermediate frequency region. 

3.2 Sample orientation dependence 

Next we show the Raman intensity of the (10, 10) armchair CNT as a function 
of sample orientation (see Fig. 3). Here we rotate the CNT axis from the z axis 
by fixing the polarisation vectors to lie along the z and x axes, respectively for 
the V and H polarisations. In this geometry, three rotations of the CNT axis are 
possible for the VV and the VH configurations, and these three rotations are 
denoted by 0,- (j = 1, 2, 3). Here Q\ and 62 are the angles of the CNT axis from 
the z axis to the x and y axes, respectively, while 63 is the angle of the CNT 
axis around the z axis from the x to the y axis. Since we put the horizontal 
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polarisation vector along the x axis, 9[ and 82 are different from each other for 
the VH configuration. Even for the VV configuration, the rotations by 9i and 
82 are not equivalent to each other in the case of the (10, 10) armchair, since the 
(10, 10) armchair CNT has a ten-fold symmetry axis (C\o) which is not 
compatible with the Cartesian axes. Here we define the x, y, z axes so that we 
put a carbon atom along the x axis when 63 = 0°. In Fig. 3, we show the 
relative Raman intensities for the (10, 10) armchair CNT for the VV and VH 
configurations as a function of 0, (j=l, 2, 3). 

When we look at the Raman intensity as a function of 0i, the A\a mode at 
1587 cm" 1 has a maximum at 0] = for the VV configuration, while the E\o 
mode at 1585 cm -1 has a maximum at 9] - 45°. Thus, we should be able to 
distinguish these two close-lying modes in the higher frequency region from 
each other experimentally if we have an axially aligned CNT sample. As for the 
other Raman-active modes, we can also distinguish them by their frequencies and 
polarisations. Even the modes belonging to the same irreducible representation 
do not always have the same basis functions, since we have two inequivalent 
atoms A and B in the hexagonal lattice. For example, the displacements for the 
A\a mode at 165 cm"' has a different functional form from those for the A\„ 
mode at 1587 cm" 1 . 

From Fig. 3 it is seen that the angular dependences of almost all the Raman 
intensities on 0] and 02 are similar to each other for the VV configuration, 
except for the E\g mode at 1585 cm" 1 . The difference of the E\g modes between 
0] and 02 at 1585 cm" 1 is due to the form of the basis function. There is also a 
symmetry reason why we can see only A modes and E modes in the W (9-) and 

the VH (0„ and 0-) configurations, respectively. On the other hand, we can see 

that there are some very weak intensities in the figure, since the x, y, z 
coordinate is incompatible with the ten- fold symmetry axis of each CNT. Even 
if we get an aligned sample along the z axis, the xy direction of the constituent 
CNTs should be random, since the 10-fold symmetry of the (10, 10) CNT does 
not satisfy the symmetry of the triangular CNT lattice. Thus an averaged angular 
dependence for 0i and 02 is expected for a general aligned sample. 



4 Resonant Raman Spectra of CNTs 

Quantum effects are observed in the Raman spectra of SWCNTs through the 
resonant Raman enhancement process, which is seen experimentally by 
measuring the Raman spectra at a number of laser excitation energies. Resonant 
enhancement in the Raman scattering intensity from CNTs occurs when the 
laser excitation energy corresponds to an electronic transition between the sharp 
features (i.e., (£- £,)" 1/2 type singularities at energy £,-) in the ID electronic 
DOS of the valence and conduction bands of the carbon CNT. 
Since the separation energies between these sharp features in the ID DOS are 
strongly dependent on the CNT diameter, a change in the laser excitation energy 
may bring into optical resonance a CNT with a different diameter. However, 
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CNTs with different diameters have different vibrational frequencies for their A \g 
radial breathing mode in accordance with Eq.(l ). By comparing the experimental 
Raman spectra taken for different laser excitation energies, we see large 
differences in the vibrational frequencies of the strong A) g radial breathing 
mode, consistent with a resonant Raman effect involving CNTs of different 
diameters. In the range of laser excitations energies between 1 .7 - 2.2 eV, a 
dramatic change is observed in the characteristic features of the Raman spectra 
near 1580 cm" 1 , and this effect is identified with the resonant Raman 
enhancement of metallic CNTs. Since metallic CNTs have a peak at the energy 
three times as far from Ep as semiconducting CNT in the ID electronic DOS, 
the resonant Raman effect is much more selective for metallic tubes relative to 
their semiconducting counterparts [8]. These quantum effects in the resonant 
Raman spectra thus lend strong credibility to the ID aspects of the electronic and 
phonon structure of SWCNTs, and provide clear confirmation for the theoretical 
predictions about the singularities in the ID electronic DOS. Good agreement is 
found between the resonant Raman studies and experimental determinations of 
the ID DOS as studied by scanning tunnelling microscope/scanning tunnelling 
spectroscopy (STM/STS) [26-28]. 

By using different catalysts and growth temperatures for the synthesis of ropes of 
SWCNTs, it is possible to obtain a different diameter distribution for SWCNT 
samples. At present, it is possible to vary the peak in the diameter distribution 
between 0.9 and 2.0 nm [7,27,29]. By carrying out Raman experiments on CNT 
samples with different diameter distributions, changes in the characteristics of 
the Raman spectra can be investigated. 

Raman spectra have also been reported on ropes of SWCNTs doped with the 
alkali metals K and Rb and with the halogen Br2 [30]. It is found that the 
doping of CNTs with alkali metals and halogens yield Raman spectra that show 
spectral shifts of the modes near 1580 cm"' associated with charge transfer. 
Upshifts in the mode frequencies are observed and are associated with the 
donation of electrons from the CNTs to the halogens in the case of acceptors, 
and downshifts are observed for electron charge transfer to the CNT from the 
alkali metal donors. These frequency shifts of the CNT Raman-active modes can 
in principle be used to characterise the CNT-based intercalation compound for 
the amount of intercalate uptake that has occurred on the CNT wall. 



5 Summary 

In summary, we have investigated the Raman intensity of armchair, zigzag and 
chiral CNTs, as a function of their polarisation geometry and sample 
orientation. We found that there is no significant dependence on chiral angle of 
the intensity but diameter dependence for the lower frequency Raman modes 
below 500 cm"' for CNTs. The sample orientation dependence of the Raman 
intensity shows that not only the symmetry but also the direction of the 
displacements give rise to their own angular dependence, which can be used for 
distinguishing between the symmetry assignments for the higher frequency 
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Raman modes. Such a symmetry analysis will also be useful for identifying the 
chirality of CNTs. The spectral features in the intermediate frequency range may 
come from the finite length of CNTs. The resonant Raman intensity may reflect 
differences in the DOS between metallic and semiconducting CNTs. 
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CHAPTER 7 



Behaviour of Single-Walled Carbon 
Nanotubes in Magnetic Fields 

HIROSHI AJIKI 1 and TSUNEYA ANDO 2 



' Department of Physical Science, Graduate School of Engineering Science, 
Osaka University 1-3 Machikaneyama Toyonaka 560-853 J, Japan 
^Institute for Solid State Physics, University of Tokyo 7-22-1 Roppongi, 
Minato-ku, Tokyo 106-8666, Japan 



A brief review is given on electronic properties of carbon nanotubes, in 
particular those in magnetic fields, mainly from a theoretical point of view. The 
topics include a giant Aharonov-Bohm effect on the band gap and optical 
absorption spectra, a magnetic-field induced lattice distortion and a magnetisation 
and susceptibility of ensembles, calculated based on a k»p scheme. 



1 Introduction 

A carbon nanotube (CNT) can be either a metal or semiconductor depending on 
their diameters and helical arrangement when we ignore effect of curvature, 
which causes hybridisation of n- and a-orbital for a CNT with extremely small 
diameter [1]. This result was first predicted by means of a tight-binding model 
[2] and can be well reproduced in a k«p method [3]. In this chapter we give 
electronic properties of a single-walled CNT (SWCNT) in magnetic fields with 
use of the k»p method. 

The k»p method provides analytic descriptions on electronic states of CNT. It 
shows, for example, that the band gap of a semiconducting CNT is inversely 
proportional to the diameter because of a linear dispersion of the bands. It is 
suitable also for descriptions of the electronic motion in external perturbations 
such as electric and magnetic fields. 

In Sec. 2 the effective mass equation is introduced and the band structure is 
discussed with a special emphasis on an Aharonov-Bohm effect. Optical 
absorption spectra are discussed in Sec. 3. A lattice instability, in particular 
induced by a magnetic field perpendicular to the tube axis, is discussed in Sec. 4 
and magnetic properties of ensembles of CNTs are discussed in Sec. 5. 
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2 Aharonov-Bohm Effect 

A CNT is specified by a chiral vector L = n a a + n^b with integer n a and nf, and 
basis vectors a and b (lal - Ibl = a = 2.46 A) as is shown in Fig. 1. In the (x\ 
y') system of coordinates fixed onto a graphite sheet, we have a = (a, 0) and 

b = (-a/2, V3a/2). We introduce another coordinate system on CNTs, where the 
x and y directions are along the circumference and the axis, respectively. 
A graphite sheet is a zero-gap semiconductor in the sense that the conduction and 
valence bands consisting of 7i-states touch at K and K' points of the Brillouin 
zone, whose wave vectors are given by K = (27i/a)(l/3, \H?>) and 
K' = (27i/a)(2/3, 0). The unit cell has an area V3a 2 /2 and contains two carbon 
atoms (denoted as A and B) as shown in Fig. 1 . 




Flux 



cH^- - ^ 



Fig. 1. A single layer of graphite and a CNT in a magnetic flux passing through its 
cross section. 



Electronic states (with an appropriate choice of phases of the Bloch functions) 
near K and K' points of two-dimensional (2D) graphite are described by the k*p 
equation: 



y(o x k x -o y k y )F K (r)= E (k)F K '(r), 



(1) 



where y is the band parameter, k =(k x , k y ) is a wave-vector operator, and o x , Oy 
and a z are the Pauli spin matrices. In the above equations, the envelope 
functions are written as 



—(!;;)• ™-CJs 



(2) 



Eq.(l) has the form of Weyl's equation for massless neutrinos. 
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Electronic states of CNTs with sufficiently large diameter can be obtained by 
imposing the generalised periodic boundary condition in the circumference 
direction, M^r + L) = *F(r)exp(2jiMp), with (p = <t>/<t>o» where <|> is an Aharonov- 
Bohm (AB) magnetic flux passing through the cross section of CNT and 00 
=hcle is the magnetic flux quantum. The Bloch functions at the K and K' points 
change their phase by exp(27iiv/3) and exp(-27i/v/3), respectively, where v is an 
integer defined by n a + n(, = 7>M + v with integer M and can take and ± 1 . This 
phase change should be cancelled by that of the envelope functions and the 
boundary condition for the envelope function associated with the K point is 
given by 



F K {r + L)=F K (r)exp[2ni(<?-V-} 



(3) 



At the K' point, v should be replaced by -v in this equation. 

Energy levels in CNT are obtained by putting k x = KymCO an< ^ *v = * m tne 

above k»p equation as [3] 



4±) (n, k) = i-t^K^n? + k 2 , ic v ,<n) = 22L | n + <p - *.) 



(4) 



where n is an integer and the upper (+) and lower (-) signs represent the 
conduction and valence bands, respectively. In the absence of a magnetic flux, (p 
= 0, CNT becomes metallic for v = and semiconducting with gap Eg = 
47iy/3L for v = ±1. Figure 2 compares this gap to that obtained in a tight- 
binding model [4]. 
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Fig. 2. Energy gap of monolayer CNTs specified by (n a , « fc )=(m, 0). The dots are 
calculated in a tight-binding model and the dotted line represents 47ry/3Z- given in the 
k«p scheme. The solid lines are the results of a higher order k«p scheme. Use has 
been made of y=6.46 eV A. 



In the presence of a magnetic flux, the boundary condition is changed by the 
Aharonov-Bohm effect and the band gap exhibits an oscillation between and 
2ny/L with period §q as is shown in Fig. 3. 
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Fig. 3. Energy gap versus magnetic flux passing through the tube cross section for 
metallic (v=0) and semiconducting (v=±l) CNT. 

In the presence of a magnetic field H perpendicular to the tube axis, the effective 
field for electrons in a CNT is given by H(x) = //cos(2tw/L) which is periodic in 
the circumference directi on. The parameter characterising its magnitude is given 
by (LIlllVp-, where / - ithleH is the magnetic length or the radius of the 
smallest cyclotron orbit. In the case (L/2tc/) 2 « 1 , the field can be regarded as a 
small perturbation, while in the case (L/2rc/) 2 »l, Landau levels are formed on 
the cylinder surface. 

Table 1. Typical magnetic fields (T) for CNTs with different circumferences. At the 
field corresponding to $ = $0 tne tota ' magnetic flux passing through the cross 
section is equal to the flux quantum and at (L/2nl) 2 = 1 the magnetic length is equal to 
the diameter of CNT. 
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An interesting feature of Weyl's equation lies in the fact that Landau levels are 
formed at energy e = 0. This has long been known as the origin of a large 
diamagnetism of graphite. Figure 4 gives some examples of energy bands of a 
metallic and semiconducting CNT in perpendicular magnetic fields, which 
clearly shows the formation of flat Landau levels at the Fermi level in high 
fields. Note that there is no difference in the spectra between metallic (v = 0) and 
semiconducting (v = ±1) CNTs for (L/2rc/) 2 »l. This comes from the fact that 
the wave function is localised in the circumference direction and the boundary 
condition becomes irrelevant. Thus in high field the energy bands become 
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independent of an AB flux also. Table 1 gives typical magnetic fields as a 
function of the circumference and diameter of CNT. 
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Fig. 4. Some examples of calculated energy bands of a metallic CNT in magnetic 
fields perpendicular to the axis. 




Mo=1/2 



Fig. 5. Energy bands of a metallic CNT in the presence of a magnetic flux and 
allowed optical transitions for the x and y polarisations. 



3 Optical Absorption 

In the optical absorption, two different polarisations of light should be 
considered: the electric field is along (parallel or y polarisation) and perpendicular 
(perpendicular or x) to the axis. Figure 5 shows the energy band of a metallic 
CNT for flux <t>/<t>0 = 0« 1/4 and 1/2 and the process of optical transitions for the 
parallel and perpendicular polarisations. Some examples of calculated absorption 
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spectra of semiconducting CNTs in a magnetic flux are given in Fig. 6 [5]. For 
parallel polarisation, the spectrum changes dramatically as a function of the 
magnetic flux due to the AB effect. In the case of the perpendicular polarisation, 
on the other hand, the incident electric field induces a large polarisation of CNT, 
which suppresses the absorption almost completely. 
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Fig. 6. Calculated optical absorption spectra of a metallic CNT in a magnetic flux. 
In the case that the electric field is parallel to the axis (left), the absorption exhibits 
a distinct AB effect. In the case of the perpendicular polarisation (right) the 
depolarisation effect suppresses the absorption almost completely. 
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Fig. 7. Calculated optical excitation spectra (left) and exciton absorption spectra 
(right) of a semiconducting CNT for a parallel polarisation. 
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It is well known that the exciton binding energy becomes infinite in the limit of 
an ideal one-dimensional (ID) electron-hole system [6,7]. This is the origin of 
the large enhancement of the oscillator strength of the ID exciton. Figure 7 
gives some examples of optical excitation and absorption calculated in a 
conventional screened Hartree-Fock approximation used in bulk systems. It 
shows that the band gap is strongly enhanced by the Coulomb interaction and 
the exciton bound states lie at energies slightly higher than the band gap in the 
absence of the Coulomb interaction and that considerable optical intensity is 
transferred to the lowest exciton bound states. 



4 Lattice Distortion 

It is known that a metallic ID system is unstable against lattice distortion and 
turns into an insulator. In CNTs instabilities associated two kinds of distortions 
are possible, in-plane and out-of-plane distortions as shown in Fig. 8. The in- 
plane or Kekule' distortion has the form that the hexagon network has alternating 
short and long bonds (-u\ and 2u\, respectively) like in the classical benzene 
molecule [8,9,10]. Due to the distortion the first Brillouin zone reduces to one- 
third of the original one and both K and K' points are folded onto the V point in 
a new Brillouin zone. For an out-of-plane distortion the sites A and B are 
displaced up and down (±«2) w ' m respect to the cylindrical surface [11]. Because 
of a finite curvature of a CNT the mirror symmetry about its surface are broken 
and thus the energy of sites A and B shift in the opposite direction. 




Fig. 8. Lattice distortions in a graphite sheet. For an in-plane distortion (left), the 
bond denoted by a thin line becomes shorter and that denoted by a thick line becomes 
longer, leading to a unit cell three times as large as the original. For an out-of-plane 
distortion (right), an atom denoted by a black dot is shifted down and that denoted by 
a white circle moves up. 

In the presence of lattice distortions, the k»p equation is given by the 4x4 
matrix equation given by 

y {a x k x + Oyky) + o z A 2 -iOyA] \( F K (r) 

ia y A | y {o x k x - Oyk y ) + o z A 2 j\F K (r) 
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I F K (r) 1 
= e V ' , (5) 

which is equivalent to the relativistic Dirac equation [12]. The energy bands are 
given by 



ef> (n, *, A , , A 2 ) = +Vy 2 K (p (n) 2 +Y 2 A: 2 + A 1 2 + A 2 2 . (6) 



This shows that the gap given by E g = 2v-4| 2 + ^2 2 opens up in the absence of 
a magnetic flux. 

The gap parameters A\ and A2 are determined by the minimisation of the total 
energy given by 

„ = _oo * 9 *" 2/ 2 2/f 

where e^ / is the valence-band energy, K\ and K2 are the force constants for the 
in- and out-of-plane distortions, respectively, and N is the total number of 
carbon atoms. Further,/] and/2 are defined by A\ =f\u\ and A2 =/2«2- We 
have introduced a cutoff function go ( £ ) m order to extract the contribution from 
the states in the vicinity of the top of the valence band. The results are 
independent of the choice of cutoff functions as long as the function decays 
smoothly with energy and the cutoff energy is sufficiently large. 
The gap parameters are determined under the condition that the total energy 
becomes minimum, and it is found that two kinds of distortions cannot coexist 
and that a distortion having a larger effective coupling constant A, = Y3aj InKy 
occurs, where (K,f) = (^/,/) with / = 1 or 2. The gap parameter is obtained as 



w*.,MH- *-£- 



LE g 



WO' <|>o 4jiy 

E g =^Iexp(-i^- 1 -c), C= 0.1445972. (8) 

The gap parameter or lattice distortion vanishes in the critical AB flux § c which 
opens the gap as large as that due to the distortion. For ty = 0, the gap decreases 
exponentially as a function of the circumference Lla. Table 2 gives some 
examples for an in-plane Kekule" distortion. 

For out-of-plane distortion the coefficient fj = A2/112 is expected to be 
proportional to alL, since fi becomes nonzero for the finite curvature. Thus, the 
coupling constant is proportional to (a/L) 2 and the gap decreases very rapidly 
with the diameter as exp[-(L/a)-']. It is concluded that metallic CNTs are quite 
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stable against lattice distortions and hold metallic properties even at low 
temperatures except in extremely narrow CNTs. 

The situation changes drastically in the presence of a high magnetic field 
perpendicular to the axis. As has been discussed in Sec. 2, Landau levels without 
dispersion appear at the Fermi level considerably, leading to a magnetic-field 
induced distortion [13,14]. 

Table 2. Calculated energy gap due to an in-plane Kekule" distortion for CNTs 
having chiral vector L/a = (m, 2m). The critical magnetic flux (p t . and the 
corresponding magnetic field are also shown. The coupling constant is X~ 1.62. 
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Fig. 9. An example of calculated in-plane lattice distortions induced by a high 
magnetic field (left) and the dependence of the maximum gap due to in-plane lattice 
distortions on a magnetic field (right). 



The electron wave function becomes localised in the top and bottom part of the 
cylindrical surface where the effective magnetic field perpendicular to the tube 
surface is the largest. Thus the boundary condition along the circumference 
direction becomes less important in high magnetic fields as has been discussed 
in Sec. 2. Consequently the distinction between metallic and semiconducting 
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CNTs also. Further, the spatial variation of the distortion should also be 

considered. 

The generalised k»p equation is the same as Eq.(5) except that the gap 

parameters are dependent on the position and should satisfy the boundary 

conditions: 



A, (r + L)= A, (r) exp (i M , A 2 (r + L) = A 2 (r). 



(9) 



The extra phase factor appearing in the boundary condition for Ai(r) guarantees 
the fact that the equations remain the same under translation r — >r + L even for 

v = +1. Some examples of explicit numerical results for the in-plane distortion 
are given in Fig. 9. The figures clearly show that the lattice distortion is induced 
by a magnetic field in particular for CNTs with large diameter for both metallic 
and semiconducting CNTs and that the maximum gap approaches that of a 
graphite sheet. 

5 Magnetic Properties 

For a magnetic field perpendicular to the tube axis, CNTs usually exhibit 
diamagnetism similar to that of graphite [16,17]. For a magnetic field parallel to 
the axis, on the other hand, the magnetic response of CNTs becomes completely 
different. Figure 10 shows an example of calculated differential susceptibility as 
a function of a magnetic flux passing through the cross section. The most 
prominent feature appears for a metallic CNT as the large paramagnetic 
susceptibility which diverges logarithmically. This is caused by a sudden 
opening up of a gap due to the AB effect. 

Realistic samples contain CNTs with different layer numbers, circumferences, 
and orientations. If effects of small interlayer interactions are neglected, the 
magnetic properties of a multi-walled CNT (MWCNT) are given by those of an 
ensemble of single-walled CNTs (SWCNTs). The distribution function for the 
circumference, p(£), is not known and therefore we shall consider following two 
different kinds. The first is the rectangular distribution, p(L) = l/(L mx - L mn ) 
for L mn <L< Lfnx, which roughly corresponds to the situation that CNTs with 
different circumferences are distributed equally and the average layer number of 
MWCNTs is independent of the circumference. In realistic samples, however, 
the layer number increases with the outer circumference length and the 
distribution becomes asymmetric. The most extreme case can be realised if we 
assume that the inner-most shell of a CNT is L mn . In this case the distribution 
is given by a triangular form, p(L) = 2(L mx - L)/(L mx - L mn ) 2 for L mn <L< 

Lmx- 

Figure 1 1 shows magnetisation and differential susceptibility calculated for the 
rectangular and triangular distribution with L mn = 22 A corresponding to the 
finest CNT so far observed and L mx = 942.5 A corresponding to the thickest 
CNT. The experimental result of ref. 15 is also included. The calculation can 
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explain the experiments qualitatively, but more detailed information on the 
distribution of CNTs is required for more quantitative comparison. 




0.0 0.5 1 

Magnetic Flux (units of ch/e) 





v ' ' 






i \\ Susceptibility ~ 


-1.6 




w \^ y^ --**"" 






l\ *V N J'S^"^— 


O) 


I 


\ "v^*" — " * ^^^ \ 


E 

0) 


<b 


\ ** \ x ^^ \ --"'*■ 


■2.0 w 


c 


1 '<\)/ 


6 


B -0.5 


A yu\ ,-"""' 


^, 


i 


\ \ \V*''* Magnetization 


£ 


flj 


* \ *\ * * y 


r, , ^ 


c 


'" ■*" \>&X 


-2.4 J= 


CD 

m 

2 


"'. r-* \^> \\ 


a. 




Experiment \ \\ 


03 




Rectangular \ ^t 

Triangular \ \v 


-2 8 


■1.0 


■I.I ■ - '> ■ N 





12 3 4 5 

Magnetic Field (T) 



Left: Fig. 10. Differential susceptibilities of a CNT in the presence of a magnetic 
flux. 

Right: Fig. 11. Calculated ensemble average of magnetic moment and differential 
susceptibility for CNTs with rectangular (dotted lines) and triangular (dashed lines) 
circumference distributions having L mn =22 A and L mx =942.5 A. The solid lines 
denote experimental results [15], 

The magnetic moment is negative (diamagnetic) and its absolute value increases 
as a function of the magnetic field. This overall dependence is governed by that 
of the magnetic moment for perpendicular magnetic field and the parallel 
contribution or the AB effect appears as a slight deviation. This deviation 
becomes clearer in the differential susceptibility. In fact, the differential 
susceptibility increases with the decrease of the magnetic field sharply in weak 
magnetic fields (L/lufp- S 0.2. This is a result of the divergent paramagnetic 
susceptibility of metallic CNTs in the parallel field, i. e„ the AB effect. 



6 Summary and Recent Developments 

Electronic properties of CNTs, in particular, electronic states, optical spectra, 
lattice instabilities, and magnetic properties, have been discussed theoretically 
based on a k»p scheme. The motion of electrons in CNTs is described by Weyl's 
equation for a massless neutrino, which turns into the Dirac equation for a 
massive electron in the presence of lattice distortions. This leads to interesting 
properties of CNTs in the presence of a magnetic field including various kinds of 
Aharonov-Bohm effects and field-induced lattice distortions. 
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The same k»p scheme has been extended to the study of transport properties of 
CNTs. The conductivity calculated in the Boltzmann transport theory has shown 
a large positive magnetoresistance [18]. This positive magnetoresistance has 
been confirmed by full quantum mechanical calculations in the case thai the 
mean free path is much larger than the circumference length [19]. When the 
mean free path is short, the transport is reduced to that in a 2D graphite, which 
has also interesting characteristic features [20]. 

Effects of impurity scattering in CNTs have been studied in detail and a 
possibility of complete absence of back scattering has been pointed out and 
proved rigorously except for scatterers having a potential range smaller than the 
lattice constant [21, 22]. This absence of back scattering disappears in magnetic 
fields, leading to a huge positive magnetoresistance. The conductance of an 
SWCNT was observed quite recently [23, 24], but experiments show large 
charging effects presumably due to nonideal contacts. It is highly desirable to 
become able to measure transport of an SWCNT with ideal Ohmic contacts. 
The k»p scheme has been used also for the study of transport across junctions 
connecting tubes with different diameters through a region sandwiched by a 
pentagon-heptagon pair [25]. In junctions systems, the conductance was 
predicted to exhibit a universal power-law dependence on the ratio of the 
circumference of two CNTs [26]. An intriguing dependence on the magnetic-field 
direction was predicted also [27]. These newer topics will be discussed elsewhere. 
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Electronic Properties of Carbon Nanotubes 
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1 Introduction 

Since the discovery of carbon nanotubes (CNTs) in 1991 [1], the band 
structures for CNTs have been calculated by a number of authors [2-7]. They 
have predicted that CNTs can be metallic, narrow- or broad band-gap 
semiconductors. After macroscopic quantities of CNTs were synthesized [8], it 
has become possible to explore their practical properties. 

Multi-walled CNTs (MWCNTs) are produced by arc discharge between graphite 
electrodes but other carbonaceous materials are always formed simultaneously. 
The main by-product, nanoparticles, can be removed utilizing the difference in 
oxidation reaction rates between CNTs and nanoparticles [9]. Then, it was 
reported that CNTs can be aligned by dispersion in a polymer resin matrix [10]. 
However, the parameters of CNTs are uncontrollable, such as the diameter, 
length, chirality and so on, at present. Furthermore, although the CNTs are 
observed like cylinders by transmission electron microscopy (TEM), some 
reports have pointed out the possibility of non-cylindrical structures and the 
existence of defects [11-14]. 

Single-walled CNTs (SWCNTs) are produced by arc discharge with either Fe, 
Co or Ni catalyst [15-17]. Later, it was reported that two different bi-metallic 
catalysts, Fe-Ni and Co-Ni, showed a striking increase of SWCNTs contents 
compared to that using a single catalyst [18]. Furthermore, laser ablation of 
graphite targets doped with Co and Ni produces SWCNTs in yields of more than 
70% [19]. In this process, the CNTs are nearly uniform in diameter and self- 
organised as crystalline ropes, which consist of 100 to 500 SWCNTs in a two- 
dimensional triangular lattice with a lattice constant of 17 A. The ferromagnetic 
catalyst residues in the sample can be eliminated by vacuum-annealing at 1500°C 
[19], microfiltration with a heat treatment at 450°C or centrifugal separation 
[20]. 
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Here, we review the electronic properties of MWCNT and SWCNT probed by 
magnetic measurements. MWCNTs are discussed with a classification of the 
following four categories: (1) crude CNTs, (2) purified CNTs, (3) aligned CNTs 
and (4) alkali-doped CNTs. 



2 Basis of Magnetic Measurements 

Since electron spin resonance (ESR) measurements are mainly focused as a 
probe of the electronic properties of CNTs in this report, the basis of magnetic 
measurements is briefly mentioned in this chapter. 

ESR can detect unpaired electrons. Therefore, the measurement has been often 
used for the studies of radicals. It is also useful to study metallic or 
semiconducting materials since unpaired electrons play an important role in 
electric conduction. The information from ESR measurements is the spin 
susceptibility, the spin relaxation time and other electronic states of a sample. It 
has been well known that the spin susceptibility of the conduction electrons in 
metallic or semimetallic samples does not depend on temperature (so called Pauli 
susceptibility), while that of the localised electrons is dependent on temperature 
as described by Curie law. 

The studies of the conduction electron ESR (CESR) sometimes have not been 
effective, ex. for copper oxide high T c superconductors, because the spin-orbit 
coupling is strong in the case of heavy constituent elements. It significantly 
reduces the relaxation time of CESR and broadens the linewidth until the CESR 
signal is undetectable. However, CESR studies for carbon molecular crystal are 
rather useful because the effect of the spin-orbit coupling on the relaxation times 
is small. 



3 Electronic Properties for Multi-Walled Nanotubes 

3.1 Crude CNTs 

Crude CNTs containing nanoparticles are produced by the arc-discharge method 
[8]. Although the quantitative value of CNTs cannot be determined because of 
the unknown amounts of nanoparticles, the whole susceptibility and spin 
susceptibility of the crude CNTs are reported by a number of researchers. 
Figure 1 shows the temperature dependencies of the static magnetic 
susceptibilities measured by superconducting quantum interference device 
(SQUID) for the crude CNTs, highly oriented pyrolytic graphite (HOPG), C60 
and other forms of carbon under the magnetic field of 0.5 T [21]. The larger 
magnitude of % for the CNTs compared to graphite was observed. The 
diamagnetic % in graphite is understood to arise from interband transitions, 
which dominate the magnetic response for this semimetal [22]. The observed 
large magnitude of % for CNTs suggests that, in at least one of the two principal 
directions, either normal or parallel to the symmetry axis, % is larger than that in 
graphite if it is compared in a similar direction. One plausible explanation is 
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that, because the individual CNTs are closed structures, ring currents may flow 
around the waist of the CNT in response to a field along the tube axis. In 
graphite, ring currents are confined to the planes and only flow when the field 
has a component normal to this direction. In this interpretation, the 
diamagnetism of the CNTs would be greater than that of graphite because of the 
different current pathways provided by the two materials. At a high field of 5 T, 
X is diamagnetic with the same temperature dependence as graphite [23]. In this 
field range, the magnetic length (r|c/£//) is much smaller than the perimeter 
of the CNTs. Therefore, the susceptibility probes only small local areas of the 
graphite planes, and is expected to be the geometrical average of that of rolled-up 
sheets of graphite. 
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Fig. 1. Orientationally averaged magnetic susceptibility of various forms of carbon 
[21]. 

It is reported that a CESR peak is observed for the crude CNTs and the spin 
susceptibility does not depend on temperature [24]. The spin susceptibility is 
about three times as small as that in the non-particle CNTs. This ratio indicates 
that the ratio of CNTs and nanoparticles in the crude CNTs is about 1:2. 

3.2 Purified CNTs 



CNTs are purified by oxidizing the crude ones as prepared. During the oxidation 
process, the nanoparticles are removed gradually and eventually only open CNTs 
remain [9]. An intrinsic CESR was observed from these purified CNTs [12]. The 
temperature dependencies of susceptibility, linewidth and g-value of the CESR 
are shown in Fig. 2 (open circle). We find a temperature independent spin 
susceptibility (Pauli) % s = 4.3 x 10~ 8 emu/g. 

The result indicates the presence of metallic, narrow-gap semiconducting and/or 
semimetallic CNTs and is in agreement with theoretical predictions [2-7]. The 
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spin susceptibility of the purified CNTs is similar to that of the graphite 
powder, the values of which range between 1 x 10~ 8 - 4 X 10" 8 emu/g [25,26]. 
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Fig. 2. Temperature dependencies of spin susceptibilities, linewidths and g-values 
of the CESR for the purified CNTs (open circle) and the annealed purified CNTs (solid 
circle). 

With increasing temperature, the linewidth of the CESR of purified CNTs 
decreases from 30 G at low temperature to 10 G at room temperature. This 
temperature dependence of the linewidth can be explained by the motional 
narrowing as it is observed in the case of graphite powder [26]. The g- value of 
the CESR depends on temperature from 2.022 at 30 K to 2.012 at room 
temperature, this also resembling that of graphite. The g-value of graphite is 
determined by the distribution of the g a b and g c values (a, b axes are parallel to 
the planes and c axis is perpendicular to the planes) as shown in Fig. 3 [27]. The 
g c of graphite depends on temperature due to the changes in the interlayer 
interactions of graphitic sheets [28]. If the CNTs have perfect cylindrical 
structures, the interlayer spacing should remain relatively constant. A plausible 
interpretation of the strong temperature dependence of the g-value observed for 
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Ihe CNTs could be that they are highly defective and have a local structure 
similar to small graphitic sheets. 
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Fig. 3. Temperature dependence of the g-value of graphite for a, b axes and that for c 
axis (modified from refs. 26 and 27). 

For reducing the defects of the CNTs, we annealed the non-particle CNTs at 
2850°C [12]. The CESR was still observed as shown in Fig. 2 (top) (closed 
circle). However, the g- value of the CESR of the annealed CNTs shifts greatly 
from that of the before-annealed CNTs and the temperature dependence becomes 
nearly constant (Fig. 2 bottom). The observed g-value and the temperature 
dependence are similar to those of the in-plane characteristics of graphite (Fig. 
3). Although we did not have definite evidence for what was changed during 
annealing, the observed g-value behaviour for the annealed CNTs can be 
reasonably explained, supposing that the ideal structure of CNTs is cylindrical. 
In another method for removing nanoparticles, no CESR was observed for the 
non-particle CNTs [29]. The ESR-silent result indicates that the non-particle 
CNTs are neither metallic nor semimetallic, but semiconducting with wide band- 
gap. The different kinds of CNTs might be obtained by the different methods 
applied. 

3.3 Aligned CNTs 

Filtering the tube suspension through a 0.2 (J.m pore ceramic paper leaves a 
uniform black deposit on the paper and can produce aligned CNT films [30]. The 
deposited material was transferred on a thin Teflon sheet by pressing the tube- 
coated side of the filter on the plastic and then the filter was lifted off to expose 
the surface. Scanning electron microscopic study reveals that the tubes are highly 
aligned perpendicular to the Teflon surface [30]. 

The static magnetic susceptibilities of the aligned CNTs with keeping tube's 
cylindrical direction parallel %\\ and perpendicular xjl to the magnetic field were 
measured by SQUID as shown in Fig. 4 [31]. The CNTs are diamagnetic with 
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Fig. 4. Static magnetic susceptibility vs temperature. Nanotubes with the magnetic 
field perpendicular to the tubes (+), parallel to the tubes (o), unprocessed CNT- 
containing material (x) and planar graphite (solid line) [31]. 

an anisotropic character. The magnitude of the susceptibilities increases with 
decreasing temperature. The measurements of non-aligned sample give the 
susceptibility value as the same as the orientational average (2%j_ + %\\)/3 of the 
aligned sample. The average susceptibility is close to the graphite orientational 
average, Q-Xab + Xc)^ [21]. For graphite, the susceptibility Xc ' s much larger 
than Xab [32]. Assuming a simple CNT model consisting of planar graphene 
sheets rolled up in a tube, the relationships of Ximodel = (Xc + XabV^- an d 
Xllmodel = Xab can be used. It leads to IX_Lmodell » IXllmodell. however, 
experimental observations is in contrast to the model. The observed large Ixill 
may be caused by the ring currents around the tube axis, and the reduced values 
of |xj_I are likely due to both the curvature effects and the shorter intercalation 
distance than that of graphite intercalation [33,34]. 

Pauli spin susceptibility for the aligned CNTs has been measured and it is 
reported that the aligned CNTs are also metallic or semimetallic [30]. The 
temperature dependence of g\\ and gj_ is plotted in Fig. 5(a). Both values increase 
with decreasing temperature down to 40 K. A similar increase is observed for 
graphite. The g-value dependence on the angle 9 at 300 K is shown in Fig. 5(b) 
(inset). The g-value varies between g\\ = 2.0137 and g±- 2.0103 while the 
direction of magnetic fields changes from parallel to perpendicular to the tubes. 
These observed data fit well as 

g = {(giicos 9) 2 + (g±sin Of } = g\\ + (g± - gn)sin 2 8 



= 2.0137 -0.0034sin 9. 



(1) 
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In the simple model of CNTs described earlier, its g-value can be estimated using 
the g- values of graphite at 300 K, 



g = gab + Hgc - gab)sin 2 e = 2.0026 + 0.0230sin 2 9, 

2 



(2) 



where g c =2.050 and g a \, =2.0026, the factor 1/2 arises from the cylindrical 
geometry. Comparing the model with the tubes, whereas in graphite g a f, < gc, 
g\\ > g± ' s obtained in the tubes. This inversion is similar to the one observed in 
the static susceptibilities and, as for graphite, probably has the same origin. 
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Fig. 5. g-values of the CNTs vs temperature, (a) for parallel, 0=0° (•) and 
perpendicular, 6=90° (o) orientations, (b) The anisotropy g\\ - g± vs temperature, 
(inset) Angular dependence of the g-value of the CNTs at 7"=300 K. The fit shown by 
the solid line corresponds to g=2.0137-0.0034sin 2 6 [31]. 



3.4 Alkali-metal doped CNTs 

Doping of alkali-metals into CNTs has been examined [II]. The X-ray powder 
diffraction (XRD) patterns of the K- or Rb-doped CNTs show that alkali-metals 
are intercalated between the CNT layers. The hexagonal unit cell is essentially 
the same as that of the stage- 1 alkali-metal intercalated graphite ACs (A=K, Rb). 
For a sample doped with Rb, the observed lattice parameter of the perpendicular 
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direction of CNTs, 5.68 A, corresponds to an expansion by 2.3 A in the 
interlayer spacing. An overall composition is determined to be ACg by the 
weight gain. TEM observations reveal that some of the CNTs are intercalated by 
K between the CNT layers as shown in Fig. 6 [14]. Both sides of CNTs are 
intercalated from the surface to about 8 nm deep. Although nobody has observed 
the defects in the CNTs or nested structures directly, closed cylindrical CNTs 
cannot be intercalated with alkali-metals between the cylinders. 
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Fig. 6. (a) Medium and (b) high magnification TEM images of a partially 
intercalated CNTs [14]. 
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Fig. 7. Susceptibility of the pristine sample (+) and of the K-doped sample (closed 
circle). The open circle points correspond to the susceptibility of the K-intercalated 
powder before the film deposition procedure [35]. 



An ESR study for the K-doped CNTs with a doping level of 1-2% has been 
reported [35]. The comparison of spin susceptibilities Xs between pristine and K- 
intercalated CNTs is shown in Fig. 7. A significant increase of the susceptibility 
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is associated with the doping process. The Pauli susceptibilities are 0.6x10'° 
emu/g for pristine and 2.3x1 0~ 8 emu/g for K-doped sample. This indicates that 
K-doped CNTs are still good conductors. The g-value of the ESR is very 
sensitive to the orientation of the tube axis with respect to the angle 0. Before 
doping, the g-value varies between g=2.014 to g=2.010 as described in paragraph 
3.3, while it is almost isotropic with g=2.0028 after K-doping. The temperature 
dependence of the g-value is also changed from temperature dependent for pristine 
to temperature independent for K-doped sample. The increasing spin 
susceptibility and the decreasing ESR g-value with decreasing temperature are 
similar to the effects observed for graphite intercalation compounds. 

3.5 Electronic properties by other measurements 

Lastly, we discuss electronic properties by other measurements in comparison 
with that by magnetic measurements. 

Scanning tunnelling microscopy (STM) has been used to investigate the 
structure and electronic properties of CNTs [36]. The bias-voltage dependent 
images indicate that the CNT bundles are small band-gap semiconductors. The 
first direct electrical transport measurements performed on a CNT bundle also 
exhibited a semimetallic behaviour like rolled graphene sheets with a similar 
band structure above 2 K [37]. Using the simple two-band model for graphite, 
the band overlap is estimated to be 3.7 meV and it is about 10 times smaller 
than for crystalline graphite. Four-probe contact resistivity measurements on a 
large bundle of CNTs (60 (im diameter and 350 (im in length between the two 
potential contacts) was reported that the bundle is semimetallic [38]. 
Subsequently, electrical resistance measurement on individual CNTs (total 
diameter around 50 nm) has been succeeded [39]. Above 1 K, a typical 
semimetallic behaviour is observed, being consistent with the simple two-band 
model for semimetallic graphite. 

These results are consistent with the electronic properties of CNTs probed by 
magnetic measurements. In sum, most of MWCNTs show semimetallic 
behaviour experimentally. 



4 Electronic Properties for SWCNTs 

SWCNTs have been produced by carbon arc discharge and laser ablation of 
graphite rods. In each case, a small amount of transition metals is added to the 
carbon target as a catalyst. Therefore the ferromagnetic catalysts resided in the 
sample. The residual catalyst particles are responsible for a very broad ESR line 
near g=2 with a linewidth about 400 G, which obscures the expected conduction 
electron response from SWCNTs. 

In the case that SWCNTs were produced by laser ablation with Co and Ni, a 
very weak and narrow signal was superposed on the main broad line. To confirm 
that this narrow line is associated with SWCNTs, the sample was vacuum- 
annealed at 1500°C to remove the remaining Co and Ni. 
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The XRD peaks characteristic of Co and Ni disappeared after the treatment, as did 
the broad ESR line, successfully leaving only the narrow asymmetric line with 
26 G linewidth as shown in Fig. 8 [40]. The g-value of the narrow line is 
#=2.002 + 0.001. The narrow ESR line shows Dysonian at all temperatures in 
the range of 4-300 K. Furthermore, the ESR intensity is quite independent of T 
and thus the density of conduction electrons is invariant as a function of 
temperature as shown in Fig. 9. These show that the material is highly metallic, 
even at low T. 
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Fig. 9. Normalised temperature dependence of the ESR intensity for an SWCNT 
sample [40]. 

However in the case that SWCNTs were purified by the centrifugal separation 
using an aqueous solution of cationic surfactants or by the microfiltration 
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technique followed by heat treatment at 450°C, there was no ESR signal 
originating from the conduction electrons of CNTs [41]. 

Some explanations could be possible for these contradictory results. One is that 
a various types of CNTs may be obtained by different methods, since SWCNTs 
as much as 50 % are chiral and nonmetallic [42]. The other is that the result may 
be attributable to the contact condition of SWCNT bundles. When the bundles 
closely contact each other, the SWCNT system will likely become a three- 
dimensional one just as in the case of contacted MWCNTs. 



5 Concluding Remarks 

We have reviewed the electronic properties of CNTs probed by magnetic 
measurements. MW- and SWCNTs can individually be produced, however, the 
parameters of CNTs are uncontrollable, such as diameter, length, chirality and so 
on, at the present stage. Since the features of CNTs may depend on the synthesis 
and purification methods, some different experimental observation on CNT 
properties has been reported. It is important, however, that most of papers have 
clarified metallic CNTs are actually present in both MW- and SWCNTs. The 
characteristic of CESR of SWCNTs is different from that on non-annealed 
MWCNTs, but rather similar to that on annealed multi-walled ones. The 
relationship of the electronic properties between SW- and MWCNTs has not yet 
been fully understood. The accurate control in parameter of CNTs is necessary in 
order to discuss more details of CNTs in future. 
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CHAPTER 9 

Optical Response of Carbon Nanotubes 
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^ Laboratorium fur Festkorperphysik, ETH-Zurich, CH-8093 Zurich, Switzerland 
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1 Introduction 

The synthesis of molecular carbon structures in the form of Cgo and other 
fullerenes stimulated an intense interest in mesoscopic carbon structures. In this 
respect, the discovery of carbon nanotubes (CNTs) [1] in the deposit of an arc 
discharge was a major break through. In the early days, many theoretical efforts 
have focused on the electronic properties of these novel quasi-one-dimensional 
structures [2-5]. Like graphite, these mesoscopic systems are essentially sp 2 
bonded. However, the curvature and the cylindrical symmetry cause important 
modifications compared with planar graphite. 

The classification of the tubes as metals or semiconductors is based on the way 
the underlying graphite band structure is folded when one applies azimuthal 
periodic boundary conditions of the tube. The boundary conditions depend 
strongly on how the CNTs are rolled [2-5]. Particularly and just to quote one 
example, Mintmire et al. calculated the electronic structure using a so-called all- 
electron Gaussian-orbital based local-density-functional approach and also taking 
into account the electron-lattice interaction with a Frohlich Hamiltonian. They 
established that fullerenes tubules would appear to have the advantages of a 
carrier density similar to metals (as opposed to graphite) and a simple metallic 
phase (i.e., zero band gap) at 300 K (as opposed to polyacetylene), with a 
concomitant relatively high conductivity as result of the small diameter [2]. 
The availability of well aligned CNT films started also an intensive experimental 
work, with particular emphasis on the transport and magnetic properties as well 
as on the optical response (see Chaps. 8 and 10). Transport properties [6], 
conduction electron spin resonance (ESR) and static magnetic susceptibility 
measurements [7] show anisotropic behaviours, when measuring along or 
perpendicular to the tubes. In Fig. I the resistivity of the tubes measured along 
and perpendicular to the axis as well as the inverse resistive scattering time, 
obtained from ESR measurements, are displayed. The resistivity of the tubes, 
measured using the conventional four points method [8], increases with 
decreasing temperature in both orientations (solid and dotted lines). The 
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anisotropy between the two orientation varies with temperature. The anisotropy 
is defined as the ratio A - p a x /p a ||. where p a x is the resistivity perpendicular 
and p a || parallel to the tubes axis. A ranges from 8 to 10, as it can be estimated 
from Fig. 1. Furthermore, the Pauli susceptibility above 40 K was found to be 
consistent with a semimetal. The typical insulating behaviour contrasts with the 
inverse resistive scattering time obtained from ESR measurement which displays 
metallic behaviour i.e., it decreases with decreasing temperature at least down to 
about 10 K (full dots in Fig. 1). Moreover, it was also found that the intrinsic 
resistivity of the tubes, estimated from the ESR linewidth, is about two orders 
of magnitude lower than the dc resistivity (Pdc) \1\- Th' s ' s consistent with the 
interpretation of pj c being dominated by the intertube contact resistances [9]. 

120 r . 1 ■ i ' 1 3 




100 200 

Temperature [K] 

Fig. 1. The resistivity p^ t . (solid and dotted line)[6] and the inverse scattering time 
(plain dots) t^" 1 [7] which is proportional to the product T\ , Ag 2 (T t ' 1 is the 
linewidth and Ag the g-shift of the ESR signal). For a metal, the resistivity and x R ' { 
are expected to decrease when lowering the temperature [7], 

In view of this apparent contradictory outcome from the transport and magnetic 
properties, we were motivated to investigate the dynamics of the charge 
excitation spectrum by optical methods. In fact, the optical measurement is a 
powerful contactless experimental tool which should in principle allow to unfold 
the disagreement between T/?"'(7") and p(7") since the optical response of a metal 
and of an insulator are in principle dramatically different. 



2 Nanotube Preparation and Experiment 



The CNTs were prepared by the group at EPF in Lausanne [10] following the 
method of Ebbesen et al. [11]. A 100 A, 20 V dc arc between a 6.5 mm diameter 
graphite anode and a 20 mm graphite cathode is sustained in a 6.7x1 4 Pa 
helium atmosphere for about twenty min. Nanotubes were found on the cathode, 
where they were encapsulated in a cylindrical 1 cm long shell. The shell was 
cracked and the powdery soot-like deposit extracted. The powder was then 



91 



ultrasonically dispersed in spectroscopic grade ethanol and centrifuged to remove 
larger particles. Transmission electron microscopy revealed that the suspension 
contained CNTs, nominally 1 to 5 |im long and 10 ± 5 nm in diameter. 
However, besides the tubes, it was also observed that a substantial fraction (20- 
40 %) of the material was present in the form of small polyhedral carbon 
particles. By drawing the tube suspension through a 0.2 |im pore ceramic filter, 
a uniform black deposit remains on the filter. The tubes are then deposited on a 
Delrin or Teflon surface, by pressing the tubes' coated side of the filter onto the 
polymer. They are preferentially oriented perpendicular to the surface and are 
called (3-aligned. Figure 2(a) shows a P-aligned CNT film. When the surface is 
lightly rubbed with a thin Teflon sheet or aluminium foil, the surface becomes 
silvery in appearance and scanning electron microscopy shows that it is densely 
covered with CNTs, oriented in the direction in which the film had been rubbed 
[6]. We call the surfaces, where the tubes are oriented in the plane of the surface, 
an and otj^ aligned, for the parallel and perpendicular direction, respectively. 
Figure 2(b) shows an a-aligned CNT film. Our CNT films had a typical 
thickness ranging between 1 and 5 u.m. 




Fig. 2. (a) The surface of a film of CNTs deposited on a ceramic filter. The tubes are 
P-aligned, with their axes perpendicular to the surface such that only tube tips are 
seen, (b) After mechanical treatment, the morphology dramatically changes and the 
surface is densely covered with CNTs that lie fat on the surface and are aligned in the 
direction in which the surface was rubbed (a-aligned), indicating that the tubes were 
pushed over by the treatment. The tube tips in (a) appear to be larger than the true tube 
diameters in (b) partially because the tubes are often bundled together and partially 
because of an artifact caused by focusing and local charging effects. As a matter of 
fact, when we observe inclined tubes, the tip images appear brighter and have larger 
diameters than the tube images [6], 



92 



We have determined the optical properties as a function of temperature by 
measuring the reflectivity /?(co) of the oriented CNT films from the far infrared 
(FIR) up to the ultra-violet (UV) (i.e., from 20 cm" 1 up to 3xl0 4 cm -1 ), using 
three spectrometers with overlapping frequency ranges [12, 13]. 
The investigated specimens had nice and flat reflecting surfaces, and equivalent 
samples (i.e., with the same film thickness) gave similar results. The roughness 
of the surface and the finite CNT size effects were taken into account by coating 
the investigated specimens with a thin gold layer. Such gold coated samples were 
used as references. The average thickness of the film is generally smaller than the 
expected penetration depth of light in the far-infrared. Therefore, we looked at the 
influence of the substrate on the measured total reflectivity of the substrate-CNT 
film composite. Even though for film thicknesses above 3 urn we did not find 
any qualitative and quantitative change in the reflectivity spectra due to the 
substrate, we appropriately took into account the effects due to multiple 
reflections and interferences at the film and substrate interface. Further details of 
the experimental procedure and data analysis can be found in refs. 12 and 13. The 
corrected and intrinsic reflectivity of the CNT films differ only by a few percent 
in intensity (particularly in FIR) but not in the overall shape from the measured 
one. The real part CT](co) of the optical conductivity is then obtained through a 
Kramers-Kronig transformation of the corrected R((i>). The frequency range of the 
measured reflectivity spectrum has been extrapolated towards zero by a constant 
value as for an insulator (see below) [12,13]. For energies larger than 4 eV, the 
reflectivity of the a orientations has been extrapolated up to 40 eV using the 
reflectivity of highly oriented pyrolytic graphite (HOPG) [14] normalised at the 
experimental values of the reflectivity of the CNTs at 4 eV. Over 40 eV, R((i>) 
was assumed to drop off as co"^. 



3 The Optical Spectra 

Figure 3(a) presents the reflectivity while Fig. 3(b) the corresponding optical 
conductivity spectra at 300 K for light polarized parallel (an) and perpendicular 
(ajj to the tubes. There is a weak anisotropy, mainly manifested by an overall 
decrease of the R((£>) intensity along aj_. Moreover, we have not found any 
temperature dependence in our optical spectra, in agreement with the rather weak 
temperature dependence of the ESR and dc transport properties (Fig. 1) [6,7], 
Although the reflectivity increases from the visible down to the FIR in a 
metallic-like fashion (i.e., as in the case of an overdamped plasma edge), it tends 
to saturate towards zero-frequency and displays a broad bump at about 6 meV. 
This behaviour of /?(co) does not allow a straightforward metallic extrapolation 
to 100 % for frequency tending towards zero, and, therefore, the measured R{(a) is 
apparently consistent with the one of an insulator. Figure 4 shows our 
measurements of the P configuration which are qualitatively similar to the 
findings in the a directions. The optical conductivities, displayed in Figs. 3(b) 
and 4(b) for the a and P directions, respectively, are characterised by a vanishing 
conductivity for co — » 0, by a broad absorption peaked at about 6-9 meV and 
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finally by high frequency excitations due to HOPG electronic interband 
transitions [14]. 
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Fig. 3. Reflectivity (a) and optical conductivity spectra (b) of oriented CNTs films 
along the an and otj^ directions. Bruggeman (BM) and Maxwell-Garnett (MG) fits (see 
text and Table 2) are also presented. 

The mid- and far-infrared spectral range can be described within two possible 
scenarios: In the first one, we can ascribe the broad absorption at 9 meV to a 
phonon mode. However, there are several arguments against this possibility. 
First of all, graphite has a transverse optical (TO) phonon mode at about 6 meV 
which, however, is not IR active [15] (see also Chap. 6). Of course, one might 
argue that this mode can be activated by symmetry breaking, but our feature at 9 
meV is very broad and temperature independent. These features are rather unusual 
for phonon modes, which tend to appear as sharp absorptions with width 
decreasing with temperature. Secondly, the FIR absorption shifts in frequency 
when measuring different specimens and consequently cannot be strictly 
considered as an intrinsic feature of the CNTs. Another problem is the vanishing 
small conductivity for oo — > 0, which contrasts with the intrinsic dc conductivity 
evaluated from ESR investigation (Fig. 1). Therefore, we want to suggest an 
alternative interpretation, which will relate the FIR absorption at 9 meV to the 
particular morphology of our specimens. This second scenario, to be developed 
here will lead to the identification of the intrinsic metallic nature of the CNTs 
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[12,13]. To start, we shall first flash on the phenomenological approach used to 
interpret the data. 
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Fig. 4. The reflectivity (a) and the optical conductivity (b) in the P direction are 
similar to the ones along the ce directions (Fig. 3). However, the absence of data 
above 4 eV changes the high energy spectrum of the optical conductivity. These 
changes are not relevant for the low frequency spectral range. The Maxwell-Garnett 
(MG) fit is also displayed as well as the intrinsic reflectivity and conductivity 
calculated from the fit (see Table 2 for the parameters). 




Fig. 5. Schematic representation of the measured CNT films. The effective medium 
is the result of tubes dispersed in an insulating host (glassy graphite). 
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4 Effective Medium Theories 

Our oriented films cannot be really considered as bulk materials. It is more 
appropriate to compare our specimens to an effective medium composed of small 
particles (i.e., CNTs) dispersed in a dielectric host (i.e., glassy graphite) as is 
schematically shown in Fig. 5. Different theories describe the electrodynamic 
response of such a composite medium. Here, we will concentrate our attention to 
the Maxwell-Garnett model (MG) and the Bruggeman model (BM) [18]. Both, 
the Maxwell-Garnett model and the more sophisticated Bruggeman model, which 
is a generalisation of the MG theory, can correctly account for the features seen 
in our experimental optical data. In order to simplify the discussion, in the 
following we will assume that we have metallic particles dispersed in an 
insulator. 

4. 1 The Maxwell-Garnett model 

The case when the metallic particles are surrounded by an insulator is sketched in 
Fig. 6, which corresponds to the morphology of our samples (Fig. 5). The 
electrodynamic response of a composite medium with such a morphology can be 
computed in the Maxwell-Garnett theory [16,17], which is an application of the 
Clausius-Mossotti model for polarisable particles embedded in a dielectric host. 
To apply the Maxwell-Garnett theory, the particles must be sufficiently large so 
that the macroscopic Maxwell equations can be applied to them but not so large 
that they approach the wavelength of light in the medium. At a photon energy of 
1 meV, the wave length is about 0.2 mm and the size of the tubes 5 |im. 
Therefore, we are in the limit of applicability of the MG model. 




Fig. 6. MG model: the metal with dielectric function (e,„(co)) particles are surrounded 
by an insulator (£;(co)) (left). The mixture results in an effective medium £ ( ^(right). 



Let us consider small metallic particles with complex dielectric function e w (co) 
embedded in an insulating host with complex dielectric function e,(co) as shown 
in Fig. 6. The ensemble, particles and host, have an effective dielectric function 
E e f/(03) = £<?j[f,i(to) + iZgjf^iw). We can express the electric field E at any point 
inside the metallic component as 
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E=E 






with Eq the external applied field, P the polarisation, N = 



the demagnetisation tensor and eo is the dielectric constant. 
The polarisation in vacuum is then given by 



P = eo(e(co) - 1 )E = na((o)E 




\ 





N 2 




(1) 






/V 3 / 

(2) 



where n is the density of dipoles, a the complex polarisability and e the 
complex dielectric function. Using Eqs.(l) and (2), we obtain the Clausius- 
Mossotti equation which expresses the relationship between e, the density n and 
the polarisability a: 



1 +(e(co)- l)N 



(3) 



where N is one component of the N tensor for one specific spatial direction. 
Actually, Eq.(3) must be modified to take into account the fact that the metallic 
particles are dispersed in a polarisable insulator rather than in vacuum (i.e., e,(co) 
* 1 ). Thus in the local electric field approximation, it is necessary to construct a 
cavity filled with an insulating medium (e,(co)) instead of a completely evacuated 
cavity, as in Eq.(3). This leads to a generalised Clausius-Mossotti equation: 



na(q))= W- £ -) £ 
Ne eff+ (\-N)Ei 



(4) 



As the metallic particles are assumed to be sufficiently large for macroscopic 
dielectric theory to be applicable, we can substitute for a the expression for the 
polarisability of metallic particle immersed in an insulator. The dipole moment 
is given by the integration of the polarisation over the volume V. Thus, if the 
polarisation is uniform: 



p = a((o)E = _i?«_5«)^0 



Afem + 



N)e f - 



-VE 



(5) 



Inserting Eq.(5) in Eq.(4) leads directly to the Maxwell-Garnett result: 

c c . {N+f(l-N)\e m +{\-N){\-flzi 
N(\-j)e m +{fN+\-N)ti 



(6) 
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with the volume or filling fraction of particles f-nV. To calculate the 
geometrical factor N, we approximate our tubes by ellipsoids [19]: 



N = 



abc 



2(s + a2f /2 {s + biy' 2 (s + cl) 



1/2/ -vi/2 



■ds (7) 



a, b and c represent the main axis of an ellipsoid. N is tabulated in Table 1 for 
some special cases. 

Table 1. The geometrical factor for some extreme case of ellipsoids. 

Type of sample Axis N 

Sphere equivalent 1/3 

Thin plate perpendicular 1 

Thin plate in the plane 

Long cylinder longitudinal 

Long cylinder transverse l_/2 

We now want to study the consequences of such a model with respect to the 
optical properties of a composite medium. For such a purpose, we will consider 
the phenomenological Lorentz-Drude model, based on the classical dispersion 
theory, in order to describe qualitatively the various components [20]. Therefore, 
a Drude term defined by the plasma frequency and scattering rate, will describe 
the optical response of the bulk metal or will define the intrinsic metallic 
properties (i.e., £ m ((u) in Eq.(6)) of the small particles, while a harmonic 
Lorentz oscillator, defined by the resonance frequency, the damping and the mode 
strength parameters, will describe the insulating host (i.e., £/((u) in Eq.(6)). 
For small metallic particles dispersed in a dielectric (insulating) host medium, 
Eq.(6) predicts an insulating-like behaviour of the effectively measured /?((u) and 
a shift of the Drude peak in a\((a) from zero frequency (i.e., as for bulk metal) 
to a finite resonance frequency w rs , as for an insulator. In the simple case of 
spherical metallic particles dispersed in a non-absorbing host (i.e., £ /) 2(u)) = 0) 
and a small filling factor we obtain (a rs = u) p /(V 1 + 26J. Figure 7(a) shows 
the reflectivity of a metal (plain line) and of an effective medium (dotted line) 
composed of particles from the same metal immersed in an insulating host. 
Figure 7(b) displays the optical conductivity obtained with the same parameters 
as for the reflectivity curves. (a rs depends on the filling factor/, the geometrical 
factor N and the intrinsic plasma frequency (tip of the metallic particles 
[12,13,17]. Furthermore, the width of the absorption at (ti rs is twice the 
scattering relaxation rate T of the free charge carriers. Such an approach has been 
used successfully on various occasions and quite recently also for the high-7" c 
cuprates [21]. 

We now consider the influence of the various parameters in the Maxwell-Garnett 
approach. Figure 8 displays the behaviour of o\((a) if we only change the filling 
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factor /in Eq. (6). /changes the position of the resonance peak at <n rs . With a 
filling factor of 1, only metal is present and we do not see, as expected, any 
deviation from the normal Drude behaviour. For/= 0, no metal is present and 
the optical response is the one of the insulating host. Between these two limits, 
the resonance peak <o rs shifts to higher frequencies with decreasing filling factor. 
In other words, by increasing the metallic content of the medium, the 
conductivity tends to the usual Drude-like behaviour. The <J](co) curve with/= 
is not shown in the graph as its value is zero in the displayed spectral range. 
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Fig. 7. Model calculations for the reflectivity (a) and the optical conductivity (b) 
for a simple (bulk) Drude metal and an effective medium of small metallic spherical 
particles in a dielectric host within the MG approach. The (bulk) Drude and the 
metallic particles are defined by the same parameters set: the plasma frequency fi(i) p = 
2 eV, the scattering rate hT = 0.2 eV. A filling factor/ = 0.5 and a dielectric host- 
medium represented by a Lorentz harmonic oscillator with mode strength ha> Pi \ = 10 
eV, damping hr l = 1 eV and resonance frequency fi(ti\ = 15 eV were considered for the 
calculations. 



The geometrical factor, like the filling factor, shifts the position of the resonance 
peak. When N = we have the case of an infinite cylinder (see Table 1). An 
infinite cylinder connects one side of the crystal to the other. Therefore, the 
electrons travel freely through the crystal. Actually, this is not the situation of 
metallic particles dispersed in an insulator any more. The situation corresponds 
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lo the so-called percolation limit and we have a Drude-like behaviour. Figure 9 
shows the model calculations for metallic particles dispersed in an insulator with 
/= 0.5. By varying the geometrical factor from zero to one, we change the shape 
of the particles from an elongated cylinder (N = 0) to a sphere (N= \ / 3), then 
to a cylinder perpendicular to the main axis (N - \ / 2) and finally to a 
perpendicular thin plate (N = 1). Therefore, by changing N from to 1, the peak 
shifts from zero frequency towards higher frequency. 
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Fig. 8. Calculations performed considering metallic spherical particles (i.e., N = 
1/3) with intrinsic Drude parameters fico^, = 1 eV, fir = 0.01 eV, dispersed in an 
insulating matrix with parameters Aco p i = 2 eV, hT\ = 1 eV and ftcO] = 5 eV, and 
filling factor / between 0.2 and 1. 
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Fig. 9. Case of metallic particles with Drude parameters tna p - 1 eV, fir = 0.01 eV, 
dispersed in an insulating matrix with parameters fi(0 p i = 2 eV, fir! = 1 eV and ficoj = 
5 eV, filling factor/ = 0.5 and geometrical factor N between and 1. 
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The limit of validity of the MG model is defined by the so-called percolation 
limit which is reached when the metallic grains are too numerous to be 
considered as separated. For spheres, the limit is reached with/^ = 0.7 and for 
aligned cylinders /„ ~ 0.9. For/r, > 0.9, we have to invert the point of view: 
We no longer have metal grains in an insulating matrix but insulating grains in 
a metallic host [17]. Due to the nature of our CNT films, we will make the 
assumption that the shape and size of the tubes are constant. Our grains remain 
unchanged in shape even close to the percolation limit. Such a percolation limit 
is reached only when rigid spheres or cylinders are effectively in contact. 
There is another limitation of the MG approach, consisting in the assumption 
that the medium was not modified by the insertion of metallic particles. This is 
of course too crude, and the Bruggeman model, treated next, removes this 
limitation. 

4.2 The Bruggeman model 

The Bruggeman model is an extension of the Maxwell-Garnett theory. 
Bruggeman considered the modification of the medium due to the insertion of 
metallic particles in the insulating host [18]. By an incremental process, each 
infinitesimal inclusion of particles modifies the medium, i.e., each grain feels 
the presence not only of the insulating host but also of the other metallic whits. 
Figure 10 schematically shows the process. In order to clarify this point let us 
describe step by step the build up of the effective medium. In order to simplify 
the discussion, we will again assume that we dip small metallic particles in an 
insulating host. 







Fig. 10. In the first step few small metallic particles are dispersed in an insulating 
host. This modifies the medium which now has a dielectric function e,,/y(Ci)) instead of 
£,((0). We repeat iteratively this process (in n consecutive steps) of adding metallic 
particles until we reach a filling/. 



The first act consists of removing a small part of the insulator (e ( ) and replacing 
it by a small amount df\ of metal (e w ). Thereafter with Eq.(6), we calculate 
£ e fj(l). For the first step, there is no difference with MG. If we now add another 
amount dfc of metallic particles (e m ) in the brand new system (e^l)), we can 
again calculate the new effective dielectric function with Eq.(6). Instead of using 
£/ for the dielectric function of the host, we now use e e jf/(l) obtained by the 
previous step. Since we removed some insulating material and replaced it with 
metal, we have to replace the filling factor/by dfj/(\ -fi-\).fi-\ is the amount 
of metal already in the material and dfj the metal we add at step /'. The 
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incremental process stops when /=£<#. After the last step, E e fj(n) 
corresponds to the dielectric function of the mixed medium. 
The main phenomenological difference in BM compared to MG is a broadening 
of the resonance peak at <a rs which, however, does not shift. The model 
calculations in Fig. 1 1 have been performed for spheres (N = 1 / 3) with filling 
factors of 0.5 and 0.9. The parameters, chosen to be equal for both models, are 
given in the figure caption. It immediately appears that we will not find any 
drastic difference in the interpretation of the data for the MG or the BM model. 
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Fig. 11. The Bruggeman model (BM) takes into account the modification of the 
effective medium by the adjunction of metal in the medium. The net effect is a 
broadening of the resonance peak. The parameters of the metallic spheres in these 
calculations are: tw> p = 1 eV and hY = 0.1 eV. The insulating host is defined by: h(o p i 
= 1 eV and hY \ = 1 eV and ha>\ = 20 eV. Note that the normal Drude curve is 
superimposed with the Bruggeman curve with/= 1. 



5 Discussion 



For the discussion of our data, we use the above models assuming small metallic 
CNT particles dispersed in an insulating glassy graphite (i.e., polycrystalline 
clusters of graphite) dielectric host-medium. We extracted the graphite's dielectric 
function (i.e., our host medium £,(co)) by modelling the measured optical 
properties of HOPG [14] within the classical dispersion theory of Lorentz 
[12,13,20]. The best fits of MG and BM are shown in Fig. 3, while Table 2 
presents the intrinsic parameters for the CNTs. Both models with filling factor/ 
= 0.6 are able to reproduce all details of the measured FIR spectrum. 
The main difference between the two models lies in the fitted scattering rate T 
(Table 2) which is considerably smaller, one order of magnitude, for the BM then 
for the MG model. Moreover, we also notice that (O p (a\\) > co p (aj_) and that co^ 
is slightly larger in BM compared to MG. According to the band structure 
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calculation performed by Tasaki et al. [5] in the tight binding model, the CNTs 
should be metallic in an and insulating in ocj_. They also calculated the plasma 
frequency for an and found a value in agreement with the one obtained 
experimentally in this work. Tasaki et al. believe that the metallic behaviour 
found experimentally along aj_ could originate from the disorder in the tube 
alignment [5]. This is possible, especially below the first few surface layers. 
Effectively, due to the tubes preparation - they were first P aligned, then 
mechanically a aligned - it is possible that we end up with a large spatial 
dispersion of the tubes which would account for the metallic behaviour in the 
a_L direction (see also below the discussion about the anisotropy). 

Table 2. These parameters refer to the Maxwell-Garnett (Eq.(6)) and Bruggeman 
calculations with a filling factor f~ 0.6. N denotes the geometrical factor. All other 
values are in eV. 
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0.333 


0.530 
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0.333 
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0.115 
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1.54 10" 3 


4.30 10" 3 


4.10 10 3 


1.67 10" 4 


4.42 lO" 4 




hu > P ,i 
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0.486 
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0.423 


1.00 


0.106 


0.269 
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0.271 
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2.30 10" 2 
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2.30 lO" 2 


2.30 lO" 2 
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2.89 


0.259 


4.81 


2.89 


4.03 


7.52 


4.77 


0.204 


7.52 


4.77 


4.30 


h(02 


1.20 


1.20 


0.167 


1.20 


1.20 


1.31 


ftc V3 


3.14 


1.77 
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1.77 


1.30 


fcr. 


3.13 


1.99 




3.13 


1.98 


1.41 


hm 3 


2.50 


2.50 




2.50 


2.50 


2.50 


htopA 


6.69 


6.15 




6.69 


6.15 


2.96 


hr 4 


1.04 


1.36 




1.04 


1.36 


1.04 


ft(04 


4.96 


4.96 




4.96 


4.96 


4.22 



The filling factor is in good agreement with estimation from electron 
microscopy [6]. A filling factor of about 0.6 was obtained in all cases. The 
filling factor sensitively determines the position of the resonance at <a rs , which 
indeed shifts in frequency for different specimens. Moreover it is important to 
observe that / is already quite large and close to the boundary value for a 
percolation limit (which is -0.7 for spheres and -0.9 for cylinders). The 
realisation of such a limit would lead to a low frequency metallic Drude-like 
component in ai(co) for the composite. At present, this possibility seems to be 
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ruled out in our specimens. Contrary to /, the geometrical factor N gives 
contrasting results. For a±, the expected value of 0.5 (see Table 1) is 
experimentally satisfied. But for <X||, the value of 0.3 (which corresponds to the 
value of a sphere) is unexpected for cylinders. According to Eq.(7) and Table 1 , N 
should be smaller. However, the resonance at <a rs = 7 meV, is actually a 
convolution of several resonances corresponding to tubes with different 
geometrical shapes (i.e., the tubes might be bundled together or have different 
diameters or orientations). Such a convolution might lead to a distribution of 
geometrical factor N. 

What is striking in our model calculations is the rather good agreement of the 
Wp and T parameters for oqi between our optical (in the MG model) and the ESR 
results [7]. In fact, the ESR scattering time x ESR = 10" 13 s along the quasi one- 
dimensional CNTs implies a c^c of 10 3 S/cm for an [7], which is in agreement 
with Ofc = erjtOp 2 /r = 1700 S/cm evaluated from the optical parameters (Table 
2). This suggests an intrinsic metallic behaviour of the single CNTs. In this 
respect, Fig. 12 presents the intrinsic reflectivity (a) and optical conductivity 
spectra (b) of a hypothetical "bulk" (i.e., /= 1) CNTs specimen, using the 
parameters of Table 2. The low frequency metallic behaviour is easily 
recognised. (The reflectivity tends to 100 % when the frequency goes to zero and 



10* (cm- 1 ] 




10-3 



10" 2 10- l 

Frequency [cm" 1 ] 



Fig. 12. (a) The intrinsic reflectivity and (b) optical conductivity calculated for a 
"bulk" CNTs specimen (i.e. /= 1). They were calculated within the MG framework 
with the parameters of Table 2 for both an and a±. 
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the optical conductivity displays a Drude behaviour. Moreover, the "bulk" 
calculations of Fig. 12 clearly point out the anisotropic behaviour between an 
and aj_. The dc value is about four times larger for an than for a^. The 
anisotropy is mainly incorporated in the V values, while the plasma frequency 
does not change significantly in the different polarisation directions. The 
parameters for the P direction support a similar intrinsic behaviour of Cj (to) as 
for a± (Fig. 4). 

Our optical work clearly indicates a microscopic metallic behaviour of the 
CNTs. Dai et al. [22] performed microscopic electrical measurements. They 
established the resistivity of individual multi-walled CNTs (MWCNTs). 
Conventional lithography was used to contact electrically single ends of CNTs. 
A force microscope equipped with a conducting probe tip, allowed to map 
simultaneously the structure and the resistance of the material. They found a 
linear resistance vs. distance dependence for the tubes, leading to a resistivity of 
78 mftcm at room temperature which corresponds to a dc conductivity of 13 S / 
cm i.e., two orders of magnitude lower than the one obtained by optical 
investigations. But the authors of ref. 22 consider their value as an upper limit 
to the intrinsic resistivity of a perfect MWCNT. As a matter of fact, impurities 
and structural defects in the CNTs increase the resistivity through electron 
scattering relative to an ideal structure. Therefore, Dai et al. believe that studies 
of single-walled CNT (SWCNT) (see below) will ultimately provide an intrinsic 
conductivity measurement of CNTs [22]. This would also make possible a more 
realistic comparison with theory [1,5], since SWCNTs instead of MWCNTs have 
been theoretically investigated in detail. 



6 Conclusion 

The possible metallic nature of CNTs was an open question and a matter of 
debate which we addressed from the optical point of view. We have interpreted 
our optical results of oriented CNT films within the effective medium Maxwell- 
Garnett and Bruggeman models. This analysis allowed us to establish the 
intrinsic metallic nature of the CNTs, with intrinsic parameters (see Table 2) in 
agreement with those inferred by other contactless techniques, as ESR, and 
theoretical calculations. On the other hand, resistivity measurements on single 
CNTs give evidence for a conductivity up to two orders of magnitude smaller 
than the one obtained by optical means. In addition, the optical results indicate a 
remarkable anisotropic conductivity between an, a± and p. Our findings further 
enforce the interpretation of dc resistivity measurements being strongly affected 
by contact effects and intertube hopping. 

As future outlook, it would be of great relevance to be able to eventually 
enhance the intrinsic conductivity of CNTs. In this respect, the latest 
development in alkali metal intercalated CNTs looks rather promising. In fact, 
Chauvet et al. recently succeeded to dope aligned CNT by potassium and found 
that the Pauli susceptibility increases a factor of 3 upon doping, indicating that 
K-doped tubes are still good conductors [23]. 
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To conclude this work, we would like to digress on some possible applications 
of the materials investigated here. The exceptionally good electron field emitting 
characteristics of the CNTs make them potentially very attractive for 
applications in devices such as displays or electron microscopes as shown by W 
A. de Heer and co-worker [24]. One can also imagine to use them for nanoscale 
devices or take a single CNT as an electric wire. This would probably be the 
ultimate level of miniaturisation in microchip technology. Indeed and just to 
quote one single example, Collins et al. recently succeeded in measuring the 
conductivity of SWCNTs by scanning tunnelling microscope [25]. The 
conductivity changes as the active length of the CNT is increased, suggesting 
that different segments of the CNT exhibit different electronic properties. 
Carbon with its wide range of sp bond hybridisation appears as the key element 
of a future nanotechnology. However, so far there is almost no control over the 
formation processes, and the structures of interest cannot be built at will. Tubes, 
for example, are produced under the very virulent conditions of a plasma 
discharge and one would like to have more elegant tools to manipulate the 
carbon structures, a task which remains a challenge for the future. 
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1 Introduction 

In a prophetic vision of our physical world, Richard Feynman issued in 1959 
his famous statement "There is plenty of room at the bottom". He was 
essentially suggesting experiments and technologies which could be performed at 
extremely small scales. We know nowadays that Feynman's expectations were 
beyond what has been achieved since he made his prediction. 
Carbon nanotubes (CNTs) should be included among these fascinating 
developments of the nanoworld which took place at the end of this millennium. 
These tiny entities, which may be considered as elongated fullerenes in a bottom 
up approach, or as ultimate carbon fibres viewed from our macroworld, consist 
in one (single-walled) or more (multi-walled) seamless cylindrical shells of 
graphitic sheets. Each cylinder can be visualised as the conformal mapping of a 
2D honeycomb lattice onto its surface. These systems combine reduced 
dimensionality and small size which allows to probe physics in 2, 1 or 
dimension and, when the temperature is lowered, to observe quantum effects at 
the nanoscopic scale. Dimensionality as well as mesoscopic regime are relative 
concepts. On one hand, all real systems are 3D, but some properties may, under 
certain conditions, be approximated by means 2, 1 or OD models. On the other 
hand, the same sample may be considered as macroscopic under certain 
conditions (temperature, magnetic field, ...) and mesoscopic if these conditions 
are modified. These considerations are well illustrated for the case of carbons and 
graphites, as will be shown below. 

In order to discuss electron transport properties we need to know about the 
electronic distribution. This means that, for the case of metals and semimetals, 
we must have a model for the Fermi surface and for the phonon spectrum. The 
electronic structure is discussed in Chap. 5. We also need to estimate or 
determine some characteristic lengths. 

For multi-walled CNT (MWCNT), as for the case of graphites, some specific 
aspects need to be considered: 
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- the semimetallic behaviour which has a drastic effect on the band structure and 
on the scattering mechanisms 

- the effects of reduced dimensionality 

- the impact of weak disorder, mainly in relation to quantum aspects of 
conduction 

- the possibility of intercalation and its effects. 

The results of electrical resistivity measurements on CNTs have revealed so far 
interesting pieces of information. MWCNT behaves as an ultimate carbon fibre. 
At high temperature its electrical conductivity may be described by means of the 
semiclassical models which were successful in describing graphite. At low 
temperature, they reveal 2D quantum transport features, one of them having 
previously been observed in bulk carbons and graphites (weak localisation), 
while the other can only be observed in a mesoscopic form (universal 
conductance fluctuations). Single-walled CNTs (SWCNTs) should behave instead 
as pure quantum wires, which, if limited in length, reduce to quantum dots. 
Oddly enough, in the first case we are facing an exceptional physical system, a 
I D conductor with vanishingly small Peierls distortion. So, each type of CNT 
has its own features which are strongly dependent on the dimensionality of the 
system. Whether single- or multi-walled, we will show below how interesting 
the physics of these systems is. 

After briefly introducing the main electronic features of CNTs (Sec. 2) and 
some general aspects of electronic conduction and transmission (Sec. 3), we will 
show how complex electrical measurements to perform on such tiny entities are 
(Sec. 4). Then we will present the main experimental results obtained on the 
electrical resistivity of MWCNT and SWCNT and the very recent data relative to 
the thermopower of SWCNT bundles (Sec. 5). We will also discuss the effect of 
intercalation on the electrical resistivity of SWCNT bundles (Sec. 6). Finally, 
we will present some potential applications (Sec. 7). 



2 Main Electronic Features 

Using the notion of helicity introduced by Iijima [1], three types of CNTs are 
defined: armchair, zigzag and chiral CNTs, depending on how the two- 
dimensional (2D) graphene sheet is rolled up. Such classification is easily 
explained in terms of the unit cell (Fig. 1(a)) and the so-called chiral vector of 
the CNT, Ch, which is defined by C\ l = n a\ + m a2, where ai and a2 are 
unit vectors in the bidimensional hexagonal lattice, and n and m are integers. 
When the graphene sheet is rolled up to form the cylindrical part of the CNT, the 
ends of the chiral vector meet each other. The chiral vector thus forms the 
circumference of the CNTs circular cross-section, and different values of n and m 
lead to different CNT structures. Armchair CNTs are formed when n=m (the 
carbon-carbon bond being perpendicular to the tube axis); and zigzag ones when 
n or m are zero (the carbon-carbon bond being parallel to the tube axis). All 
other (//, m) CNTs are known as chiral ones. 

The unique electronic properties of CNTs are due to the quantum confinement 
of electrons normal to the CNT axis. In the radial direction, electrons are 
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confined by the monolayer thickness of the graphene sheet. Around the 
circumference of the CNT, periodic boundary conditions come into play. Because 





® :metal 



Fig. 1. (a) The vectors AA' or C h = n a t + in a 2 on the honeycomb lattice defined 
by unit vectors ai and a2, and the chiral angle 9 with respect to the zigzag axis: (b) A 
graphite sheet that, when rolled up in such a way as to superimpose the origin (0, 0) 
on a given hexagon in the sheet, a CNT will result with the properties indicated in the 
edge of each hexagon: large dots and small bullets, denoting metallic (or narrow band 
gap semiconductor) and moderate band gap semiconducting behaviour, respectively 
[3]. 

of this quantum confinement, electrons can only propagate along the CNT axis, 
and so their wavevectors point in this direction. The resulting number of ID 
conduction and valence bands effectively depends on the standing waves that are 
set up around the circumference of the CNT. Early theoretical works [2-4] have 
reported on the calculation of dispersion relations of these ID bands for different 
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types of CNTs. All these calculations lead to one important conclusion: the 
electronic properties of the CNT should vary in a periodic way from metallic to 
semiconductor as a function of both diameter and helicity. These studies show 
that about one-third of SWCNTs are metallic, while the others are 
semiconducting with a band gap inversely proportional to the tube diameter. In 
general, an (n, m) CNT is metallic when \n-m\ = 3q, where q is an integer (Fig. 
1(b)). All armchair CNTs are metallic, as are one third of all possible zigzag 
CNTs. Although conventional metals have a smooth density of states (DOS), 
the CNT DOS are characterised by a number of singularities, where each peak 
corresponds to a single quantum subband. These singularities are important when 
interpreting experimental results, such as scanning tunnelling spectroscopy 
(STS) and resonant Raman spectra. 

Experiments to test these remarkable theoretical predictions have been 
extremely difficult to carry out, largely because the electronic properties are 
expected to depend strongly on the diameter and the chirality of the CNT. Apart 
from the problems associated with making electronic measurements on structures 
just a nanometer across, it is also crucial to gain information on the symmetry 
of the CNT. Recently, the Delft [5] and Harvard [6] groups used scanning 
tunnelling microscope (STM) probes at low temperature to observe the atomic 
geometry (the CNT diameter and helicity), and to measure the associated 
electronic structure (DOS). The singularities in the DOS are very clearly seen in 
STS studies at 4 K [5]. Furthermore, a non-zero DOS at the Fermi level is 
reported [6] in the metallic CNTs, as expected; and a vanishingly small DOS is 
measured in the semiconducting CNTs. Both groups also confirm an inverse 
linear dependence of the band gap on the CNT diameter. These experiments [5,6] 
have provided the clearest confirmation to date that the electronic DOS have 
singularities typical of a ID system. 



3 Electrical Conduction and Transmission 

The expression for the Boltzmann electrical conductivity for a given group of 
charge carriers is given by: 

a = eNn = ^i (1) 

m 

where e is the electronic charge, N the charge carrier density, \i the mobility, T 

the relaxation time and m* the carrier effective mass. The mean free path, / = 

i>fT, is the distance travelled between two collisions. 

If there is more than one type of carrier, i.e. electrons and positive holes, as in 

MWCNT, the contribution of each type of carrier should be taken into account. 

In that case, the total electrical conductivity is given by the sum of the partial 

conductivities. 

The main contributions to the electrical resistivity of metals, p, consists of an 

intrinsic temperature-sensitive ideal term, p,-, which is mainly due to electron- 
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phonon interactions and an extrinsic temperature independent residual term, p r , 
due to static lattice defects: 

P = Pr + Pi (2) 

So, the resistivities due to various scattering mechanisms add, as well as the 
contributions to the conductivity from different carrier groups. 
Static defects scatter elastically the charge carriers. Electrons do not loose 
memory of the phase contained in their wave function and thus propagate 
through the sample in a coherent way. By contrast, electron-phonon or electron- 
electron collisions are inelastic and generally destroy the phase coherence. The 
resulting inelastic mean free path, L in , which is the distance that an electron 
travels between two inelastic collisions, is generally equal to the phase coherence 
length, the distance that an electron travels before its initial phase is destroyed: 



L$ = {Dtq (3) 

where D is the diffusion constant. This expression shows that the motion 
between two phase-randomising collisions is diffusive. 

In the presence of weak disorder, one should consider an additional contribution 
to the resistivity due to weak localisation resulting from quantum interference 
effects and/or that due to Coulomb interaction effects. A single-carrier weak 
localisation effect is produced by constructive quantum interference between 
elastically back-scattered partial-carrier-waves, while disorder attenuates the 
screening between charge carriers, thus increasing their Coulomb interaction. So, 
both effects are enhanced in the presence of weak disorder, or, in other words, by 
defect scattering. This was previously discussed for the case of carbons and 
graphites [7]. 

These quantum effects, though they do not generally affect significantly the 
magnitude of the resistivity, introduce new features in the low temperature 
transport effects [8]. So, in addition to the semiclassical ideal and residual 
resistivities discussed above, we must take into account the contributions due to 
quantum localisation and interaction effects. These localisation effects were found 
to confirm the 2D character of conduction in MWCNT. In the same way, 
experiments performed at the mesoscopic scale revealed quantum oscillations of 
the electrical conductance as a function of magnetic field, the so-called universal 
conductance fluctuations (Sec. 5.2). 

At low temperatures, in a sample of very small dimensions, it may happen that 
the phase-coherence length in Eq.(3) becomes larger than the dimensions of the 
sample. In a perfect crystal, the electrons will propagate ballistically from one 
end of the sample and we are in a ballistic regime where the laws of conductivity 
discussed above no more apply. The propagation of an electron is then directly 
related to the quantum probability of transmission across the global potential of 
the sample. 
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4 Experimental Challenges 

After the theoretical predictions concerning the electronic properties of CNTs 
were made, there was a crucial need for experiments which would confirm the 
validity of these models. This is particularly true for the electronic band 
structure. It was felt that the theoretical predictions concerning this structure in 
CNTs would be difficult to verify experimentally because of the strong 
dependence of the predicted properties on their diameter and chirality. This means 
that the electronic DOS should be determined on individual SWCNTs, that have 
been assigned the right diameter and chiral angle. It was only very recently that 
this has been finally verified experimentally [5,6]. Furthermore, since CNTs are 
often produced in bundles, obtaining data on single, well-characterised CNTs is a 
challenging performance. 

Concerning the electrical conductivity, it is generally a rather easy task to 
determine whether a macroscopic sample is electrically conductive or not, since, 
except for extreme cases of very low or very high values, electrical resistivity is 
one of the easiest measurement to perform. However, the measurement of very 
tiny samples such as CNTs, metal microtubules, single crystals of fullerenes and 
of charge transfer salts, fibrils of conducting polymers,... requires a drastic 
miniaturisation of the experimental techniques, which leads to very delicate 
handling and requires a high degree of sophistication. This is particularly the case 
for CNTs, where one has to deal with samples with diameters of the order of a 
nanometer, i.e. the equivalent of a few interatomic distances! One has first to 
detect a sample among others, then apply to it electrical contacts, which means 
four metallic conductors, two for the injected current and two for measuring the 
resulting voltage. Indeed, in order to test the theoretical predictions concerning 
the electronic properties of CNTs by means of electrical resistivity 
measurements, one has to solve at least two delicate experimental problems: 

- to realise a four-probe measurement on a single CNT. This means that one has 
to attach four electrical connexions on a sample of a few nm diameter and about 
a |im length. This requires the use of nanolithographic techniques [9,10]. 

- to characterise this sample with its contacts in order to determine its diameter 
and helicity. 

For CNT bundles (ropes), it is somewhat easier to attach electrical contacts. 
This is probably why thermoelectric power measurements were first performed 
on CNT bundles [11]. For these measurements an additional problem is that one 
has to establish a temperature gradient along the sample, and, in addition to the 
voltage difference resulting from this gradient, one has to measure the 
corresponding temperature difference. Thermal conductivity measurements are 
even more delicate to realise, since one has to avoid heat losses to the 
surroundings when one end of the sample is heated. This is a formidable problem 
to solve when we consider the small conductance of the sample due to its very 
small diameter. However, one can take advantage of the low dimensionality of 
the samples in that sense that heat will be conducted preferentially along the 
sample axis, thus reducing to some extent radial heat losses. 
Fortunately, in parallel to the CNT story, the field of nanotechnology, 
including nanolithography, have made tremendous strides. By using an STM, 
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experimentalists were soon able to realise metallic structures of several nm 
dimensions and, eventually, to manipulate individual atoms and molecules. By 
applying these newborn technical achievements to CNTs, Langer et at. [9] 
succeeded in depositing electrical contacts on a single microbundle of 50 nm 
diameter. They used nanolithographic patterning of gold films with an STM to 
attach electrical contacts to the microbundle and have measured its electrical 
resistivity down to 0.3 K (Fig. 2). However, these first results did not allow a 
direct quantitative comparison with the existing theoretical predictions for 
mainly two reasons. First, all the conducting CNTs in the bundle are not 
necessarily contacted electrically. Second, when they are not single-walled, the 
unknown cross sections of the CNTs where conduction takes place is affected by 
their inner structure. 
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Fig. 2. Electrical resistance as a function of the temperature at the indicated 
magnetic fields for a bundle of CNTs. The dashed lines separate three temperature 
ranges, while the continuous curve is a fit using the two-band model for graphite (see 
inset) with an overlap of 3.7 meV and a Fermi level right in the middle of the overlap 
[9]. 
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Later on, Langer et al. [10] succeeded in 1996 in depositing three electrical 
contacts on an individual multi-walled nested CNT about 20 nm in diameter. 
These results suggested that it was possible to attach electrodes to tiny SWCNT 
devices that are less than 1 .5 nm in diameter, the only way to compare theory 
and a measurement on a CNT. An important breakthrough in that direction was 
first made by Smalley's group at Rice University, who obtained large quantities 
of long SWCNTs produced by laser-vapourisation of carbon with a Ni/Co 
admixture [12]. 30 to 40 % of these CNTs were found to be armchair (10, 10) 
tubes, which are expected to be ID conductors. Having at hand these SWCNTs 
with high yields and structural uniformity combined with modern 
nanolithographic techniques, two groups presented new interesting results. 
Electrical measurements on these materials were performed by researchers at the 
Lawrence Berkeley Institute and the University of California. They observed 
transport through ropes of CNTs between two contacts separated by 200 to 500 
nm [13]. Finally, experiments on individual SWCNT were performed by the 
Delft group [14]. 

We will discuss below the recent experimental observations relative to the 
electrical resistivity and magnetoresistance of individual and bundles of 
MWCNTs. It is interesting to note however that the ideal transport experiment, 
i.e., a measurement on a well characterised SWCNT at the atomic scale, though 
this is nowadays within reach. Nonetheless, with time the measurements 
performed tended gradually closer to these ideal conditions. Indeed, in order to 
interpret quantitatively the electronic properties of CNTs, one must combine 
theoretical studies with the synthesis of well defined samples, which structural 
parameters have been precisely determined, and direct electrical measurements on 
the same sample. 



5 Experimental Results 

5. / General 

The fractal-like organisation of CNTs produced by classical carbon arc discharge 

suggested by Ebbesen et al. [15] lead to conductivity measurements which were 

performed at various scales. 

Ebbesen and Ajayan [16] measured a conductivity of the order of 10~ 2 Clem in 

the black core bulk material, inferring that the carbon arc deposit contains 

electrically conducting entities. A subsequent analysis of the temperature 

dependence of the electrical resistivity of similar bulk materials [17,18] revealed 

that the resistivities were strongly sample dependent. 

Later on, Song et al. [19] performed a four-point resistivity measurement on a 

large bundle of CNTs of 60 \x.m diameter and 350 |im distance between the two 

voltage probes. They interpreted their resistivity, magnetoresistance and Hall 

effect results in terms of semimetallic conduction and 2D weak localisation as 

for the case of disordered turbostratic graphite. 

Several months later, Langer and co-workers measured a microbundle of total 

diameter around 50 nm of MWCNTs [9]. At high temperature a typical 
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semimetallic behaviour was observed which was ascribed to rolled up graphenc 
sheets. Then, Langer et al. [10] measured the electrical resistivity of an 
individual MWCNTs, with three electrical contacts, down to 20 mK in the 
presence of a transverse magnetic field. A room temperature electrical resistivity 
of = 10" 4 flcm was estimated for the single CNT [10] and of = 10" 3 Clem for the 
microbundle [9]. 

Moreover, as shown by two further publications [20,21], the electrical 
properties of MWCNTs were found to vary significantly from one tube to 
another. 

Whitesides and Weisbecker [22] developed a technique to estimate the 
conductivity of single CNTs by dispersing CNTs onto lithographically defined 
gold contacts to realise a 'nano-wire' circuit. From this 2-point resistance 
measurement and, after measuring the diameter of the single CNTs by non- 
contact atomic force microscopy (AFM), they estimated the room-temperature 
electrical resistivity along the CNT axis to be around 10"^ £2cm. 
The electrical measurements performed by Bockrath et al. [ 1 3] revealed a gap in 
the current-voltage curves at low temperatures and peaks in the conductance as a 
function of the gate voltage. Although the interpretation in terms of single- 
electron charging and resonant tunnelling through the quantised energy levels 
accounted for the major features in the data, many interesting aspects still 
remained to be explored. In fact, it was not clear whether electrical transport was 
indeed occurring predominantly along a single tube. Experiments on individual 
SWCNTs were then performed by the Delft group [14]. The SWCNT appeared to 
behave as a genuine coherent quantum wire or dot. However, since the group in 
Delft did not determine the structural parameters of the measured samples, a 
direct link to a theoretical simulation was not possible. 

We have seen that to a given dimensionality is associated a specific quantum 
transport behaviour at low temperature: while some MWCNTs seem to be 2D 
systems, SWCNTs behave as ID or 0D systems. 

5.2. Electrical resistivity and magnetoresistance ofMWCNT 

Above 2 K, the temperature dependence of the zero-field resistivity of the 
microbundle measured by Langer et al. [9] was found to be governed by the 
temperature dependence of the carrier densities and well described by the simple 
two-band (STB) model derived by Klein [23] for electrons, n, and hole, p, 
densities in semimetallic graphite: 



and 



n ~ CnksT In 



P = CpksT In 



'HSl W 






1 + exr.. 

k B T 



(5) 
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where tp is the Fermi energy and A is the band overlap. C n and C p are the 
fitting parameters. 

From Eqs.(4) and (5) a value of nearly 4 meV was obtained for the band 
overlap, with the Fermi energy right in the middle of the overlap. This value of 
the overlap is small compared to that of 40 meV for highly oriented pyrolytic 
graphite (HOPG). This large difference was ascribed to the turboslratic stacking 
of the adjacent layers which should reduce drastically the interlayer interactions, 
like in disordered graphite. Within the frame of the STB model, the smaller 
overlap implies that the carrier density is also one order of magnitude smaller 
than in HOPG. 
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Fig. 3. Electrical conductance of an MWCNT as a function of temperature at the 
indicated magnetic fields. The solid line is a fit to the data (see ref. 10). The dashed 
line separates the contributions to the magnetoconductance of the Landau levels and 
the weak localisation [10]. 



By applying a magnetic field normal to the tube axis of the microbundle, 
Langer et at. [9] observed a magnetoresistance which, in contrast to the case of 
graphite, remained negative at all fields. The negative magnetoresistance was 
found consistent with the formation of a Landau level predicted by Ajiki and 
Ando 124J. This Landau level, which should lie at the crossing of the valence and 
conduction bands, increases the DOS at the Fermi level and hence lowers the 
resistance. Moreover, the theory predicts a magnetoresistance which is 
temperature independent at low temperature and decreasing in amplitude when 
kfiT becomes larger than the Landau level. This is also what was experimentally 
observed. 
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Langer et al. [10] measured also electrical resistance of individual MWCNTs at 
very low temperatures and in the presence of a transverse magnetic field. As for 
the case of the microbundle, the CNTs were synthesised using the standard 
carbon arc-discharge technique. Electrical gold contacts have been attached to the 
CNTs via local electron beam lithography with an STM. The measured 
individual MWCNT had a diameter of about 20 nm and a total length of the 
order of 1 |im. 

In Fig. 3 we present the temperature dependence of the conductance for one of 
the CNTs, measured by means of a three-probe technique, in respectively zero 
magnetic field, 7 T and 14 T. The zero-field results showed a logarithmic 
decrease of the conductance at higher temperature, followed by a saturation of the 
conductance at very low temperature. At zero magnetic field the saturation occurs 
at a critical temperature, T c = 0.3 K, which shifts to higher temperatures in the 
presence of a magnetic field. 

As was the case for the microbundle, a significant increase in conductance, i.e. a 
positive magnetoconductance (negative magnetoresistance), appears in the 
presence of a magnetic field normal to the tube axis. Both the temperature and 
field dependences of the CNT conductance were interpreted consistently in the 
frame of the theory for 2D weak localisation [10] that we discussed above. 
However, for the particular case of CNTs one must take into account that, owing 
to the very small dimensions of the sample, we are close to the mesoscopic 
regime in the lowest temperature range [10]. This situation is responsible for the 
conductance fluctuations that we will discuss in the following paragraphs. 
For the case studied, 2D weak localisation predicts that the resistance should be 
independent of magnetic field in the temperature range where it varies as a 
logarithmic function of T. One may see that this is not what is observed. The 
data in Fig. 3 show that there is an additional contribution to the 
magnetoconductance of the CNT which is temperature dependent up to the 
highest temperature investigated, including in the log T variation range. This 
magnetoconductance was ascribed to the formation of Landau states which we 
discussed above for the case of the CNT microbundle. Both 2D weak localisation 
and "Landau level" contributions to the magnetoconductance can be separated as 
illustrated in Fig. 3. 

Typical magnetoconductance data for the individual MWCNT are shown in Fig. 
4. At low temperature, reproducible aperiodic fluctuations appear in the 
magnetoconductance. The positions of the peaks and the valleys with respect to 
magnetic field are temperature independent. In Fig. 5, we present the temperature 
dependence of the peak-to-peak amplitude of the conductance fluctuations for 
three selected peaks (see Fig. 4) as well as the rms amplitude of the fluctuations, 
rms[AG]. It may be seen that the fluctuations have constant amplitudes at low 
temperature, which decrease slowly with increasing temperature following a 
weak power law at higher temperature. The turnover in the temperature 
dependence of the conductance fluctuations occurs at a critical temperature T c = 
0.3 K which, in contrast to the T c values discussed above, is independent of the 
magnetic field. This behaviour was found to be consistent with a quantum 
transport effect of universal character, the universal conductance fluctuations 
(UCF) [25,26]. UCFs were previously observed in mesoscopic weakly disordered 
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metals [27,28] and semiconductors [29,30] of various dimensionalities. In such 
systems, where the size of the sample, L, is smaller or comparable to both L§, 
the phase coherence length, and the thermal diffusion length: 



k B T 



(6) 



elastic scattering of electron wave functions generates an interference pattern 
which gives rise to a sample-specific, time-independent correction to the classical 
conductance [31]. The interference pattern, and hence the correction to the 
conductance, can be modified by either applying a magnetic field or by changing 
the electron energy in order to tune the phase or the wavelength of the electrons, 
respectively [27-30]. The resulting phenomenon is called universal conductance 
fluctuations, because the amplitude of the fluctuations AG has a universal value: 
rms[AG ] = cp-lh as long as the sample size, L, is smaller than La and Lj. When 
the relevant length scale, L§ or Lj, becomes smaller than L, the amplitude of 
the observed fluctuations decreases due to self-averaging of the UCF in phase- 
coherent subunits. When the relevant length scale decreases with temperature, the 

amplitude of the fluctuations decreases as a weak power law: T~ a where a 
depends on dimensionality and limiting diffusion length, L§ or Lj [3 1]. a = 1/2 
for a 2D system with L§ « L, Lj. 
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Fig. 4. Magnetic-field dependence of the magnetoconductance of an MWCNT at 
different temperatures [10]. 
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Fig. 5. Temperature dependence of the amplitude of 5C for three selected peaks [10]. 

So, despite the very small diameter of the MWCNT with respect to the de 
Broglie wavelengths of the charge carriers, the cylindrical structure of the 
honeycomb lattice gives rise to a 2D electron gas for both weak localisation and 
UCF effects. Indeed, both the amplitude and the temperature dependence of the 
conductance fluctuations were found to be consistent with the universal 
conductance fluctuations models for mesoscopic 2D systems applied to the 
particular cylindrical structure of MWCNTs [10]. 

5.3 Transport in individual SWCNT and bundles 

5.3.1 Electrical resistivity 

Electrical resistivity measurements have also been performed on individual 

SWCNT and on bundles of SWCNT. In the latter case thermoelectric power 

measurements have been carried out very recently (cf. Sec. 5.3.2). 

As shown above, experiments on individual MWCNTs allowed to illustrate a 

variety of new electrical properties on these materials, including 2D quantum 

interference effects due to weak localisation and UCFs. However, owing to the 

relatively large diameters of the concentric shells, no 1 D quantum effects have 

been observed. In addition, experimental results obtained on MWCNTs were 

found difficult to interpret in a quantitative way due to simultaneous 

contributions of concentric CNTs with different diameters and chiralities. 
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The experiments recently performed by the Delft group on individual SWCNTs 
[14] have inferred their ID nature. They suggest that SWCNTs behave as 
quantum wires, or quantum dots in the case of small lengths, which was the case 
for the tubes investigated so far. Indeed, though their length to diameter ratio 
may be very large, the finite length of the tubes (a few micrometers) limits the 
number of allowed wavevectors along the CNT axis. This gives rise to discrete 
energy states, which can be detected by measuring the conductance as a function 
of the voltage. For a CNT with 3-|i.m length, the Delft group [14] found that 
discrete states near the Fermi level are separated in energy by about 0.4 meV. 
This value is consistent with a "particle-in-a-box" energy separation between 
levels of a 3|im-long ID tube: 

AE =^£ =0.6 meV (7) 

2L 

where L is the length of the CNT and the Fermi velocity, vp, is estimated to be 
around 8xl0 5 ms _1 . 

Coulomb charging effects have also been observed in SWCNT. The energy 
needed to add an electron to an SWCNT is 2.6 meV. This is the energy needed to 
overcome the Coulomb repulsion between electrons. Coulomb charging occurs 
when the contact resistance is larger than the quantum resistance (R/( - hie = 26 
kfl) and when the total capacitance C of the system is so small that adding a 
single electron costs a significant charging energy: 

E c = ei a 2.5 meV (8) 

c 

where C = 3 x 10 17 F is estimated as the geometrical self-capacitance of a 3- 
Hm-long tube. At low temperature, that is when kgT « E c , the current is thus 
blocked (Coulomb blockade) and will flow only when a threshold bias voltage 
will be applied (Vf,i as > ellC). 

Peaks were also observed in the electrical conductance of individual bundles 
(ropes) of SWCNTs as a function of the gate voltage that modulated the number 
of electrons in the rope [13]. The results were interpreted in terms of single- 
electron charging and resonant tunnelling through the quantised energy levels of 
the ID SWCNTs that constitute the rope. Recent calculations [32] have shown 
that the interaction between tubes in a rope could induce a pseudogap of about 
0. 1 eV at the Fermi level. This pseudogap should strongly modify the electronic 
properties, thus predicting a semimetal-like temperature dependence of the 
electrical conductivity. The existence of both electron and hole charge carriers 
would also lead to different thermopower and Hall-effect behaviours from those 
expected from a typical metal with one type of carriers. 

An SWCNT a few microns long with electrical contacts deposited via 
nanolithography techniques is an ideal system to study single-molecule transistor 
effects, in which an electrode (Vg ate ) close to the conducting CNT is used to 
modulate the conductance [33]. 
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A determination of the structural (n, m) parameters of the samples investigated 
is still needed in order to establish a direct link to theoretical simulations. 

5.3.2 Thermoelectric power 

The thermoelectric power (TEP) or Seebeck coefficient, S, is defined as the 
potential difference, AV, resulting from an applied unit temperature difference, 
AT, across an electrical conductor. On one hand, the diffusion thermoelectric 
power, is due to the diffusion of charge carriers from hot to cold caused by the 
redistribution of their energies due to the difference in temperature. Charge 
carriers tend to accumulate at the cold end of the sample giving rise to an electric 
field. This field acts to counterbalance the stream of diffusing carriers until a 
steady state is reached. On the other hand, the phonon drag thermoelectric power 
consists in an anisotropic transfer of momentum from the phonon system to the 
electron system when the coupling between the two systems is strong. This 
results in a drag on the charge carriers causing an extra electronic drift with an 
additional electric field to counterbalance it. 

The general expression for the diffusion thermoelectric power for a given group 
of charge carriers is given by the Mott formula: 



7>e 



3ln o 



de 



(9) 



e-F 



where a is the electrical conductivity and the derivative is taken at the Fermi 
level. It may be seen from Eq.(9) that, for a given scattering mechanism, the 
diffusion thermoelectric power for a degenerate electron gas depends mainly on 
the Fermi energy. The smaller the Fermi energy, the higher the diffusion 
thermoelectric power. 
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Fig. 6. Temperature dependence of the thermoelectric power of three SWCNT 
samples [1 1 j. 
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Hone et al. [11] have measured the temperature variation of the thermoelectric 
power from 4.2 to 300 K on bundles of SWCNTs. They have also reported on 
the temperature dependence of the electrical resistivity of their samples in the 
same temperature range. The three samples, two pristine and one sintered, on 
which the thermoelectric power was measured, exhibited the same qualitative 
behaviour and almost the same values (Fig. 6). The thermoelectric power was 
found to be positive in all the temperature range investigated. As may be seen 
from Fig. 6, it increases first linearly at low temperature and then tends to reach 
an almost constant value around 100 K to increase slowly again with 
temperature around roughly 200 K. The room temperature values, around 50 
^V/K, are considerably higher than that of metallic samples (a few ^V/K), but 
comparable to those observed in semimetals. Oddly enough, the temperature 
variation resembles more that observed in graphite intercalation compounds 
(GICs) [34] than in the pristine material, though the room temperature value 
measured in SWCNTs is about twice that reported for GICs. 
The interpretation of thermoelectric power data in most materials is a delicate 
job and this is particularly true for the case of carbons and graphites. In the case 
of SWCNTs the data are not consistent with those calculated from the known 
band structure which leads to much smaller values than observed. Hone et al. 
[1 1] suggest from their data that they may indicate that the predicted electron- 
hole symmetry of metallic CNTs is broken when they are assembled into 
bundles (ropes). 



6 Intercalation 

Intercalation in MWCNT should be similar to intercalation in HOPG or fibres. 

This means that one would expect in helical samples that the intercalate would 

be introduced between the layers with a dramatic increase of its diameter. For 

concentric CNTs, it would require a large amount of defects for intercalation to 

occur between the planes and an important distortion of the host structure. 

In Fig. 7 we present the effect of Br2 intercalation on the temperature 

dependence of the electrical resistivity of pristine SWCNT bundles before and 

after heat treatment in vacuum at 450 K for several hours [35]. In Fig. 8 the 

effect of potassium intercalation is presented for different treatments. 

For SWCNT bundles [35], ID intercalation would occur between the CNTs 

columns as it is the case for polyacetylene. Intercalation either by acceptors (Fig. 

6) or donors (Fig. 7) increases the electrical conductivity as expected, however 

the effect is less pronounced than in bulk graphite [34]. 

It would be interesting to extend these measurements to lower temperatures to 

observe the quantum effects in these quasi- ID metallic systems. 



7 Potential applications 

SWCNTs exhibit exceptional properties which are directly related to their 
defect- free graphitic structure. The current list of possible applications includes: 
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superstrong cables, wires for nanosized electronic devices, charge-storage devices 
for battery, tiny electron guns for flat-screen televisions, ... 
From what we know from graphite and carbon fibres, we may expect that CNTs 
should exhibit exceptionally high Young's moduli [36]) and mechanical strength. 
Molecular dynamics simulations [37] indicate that a CNT could be elongated by 
several percent before fracture. Moreover, it can be twisted, flattened and bent 
even around sharp bends without breaking and in many cases, recover its original 
shape when the constrains distorting it are removed (complete elasticity). The 
extreme stiffness of CNTs could make them great for building strong, 
lightweight composite materials. 
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Fig. 7. The effect of Br2 intercalation on the temperature dependence of the 
resistivity of a bulk SWCNT sample. Curve a, pristine material; curve b, saturation- 
doped with Br 2 ; curve c, after heating in the cryostat vacuum to 450 K for several 
hours [35]. 



Probing the electronic properties of CNTs is currently an active field of 
research. Recently, a room-temperature CNT-based transistor has been built by 
researchers at Delft [38]. The device consists in a semiconducting CNT bridging 
two platinum electrodes atop a silicon surface coated with Si02- A third gate 
electrode is used to apply an electric field to the silicon, thus switching on and 
off the flow of current along the CNT. Using 5/7 pair defects, it is also possible 
to connect two CNT junctions which exhibit different electronic behaviours (i.e. 
metal-semiconductor). Such devices can act as a molecular diode, which allows 
electrical current to flow in one direction, from a semiconductor to a metal, but 
not in the opposite direction [39]. CNTs could also be used in displays or for the 
tips of electron probes. The field emission properties [40] of these systems are 
directly related to the cap termination (atomic topology containing pentagons) 
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which induces localised states close to the Fermi energy [41]. A CNT-based 
display has already been built by a research group in Japan [42]. 
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Fig. 8. The effect of potassium intercalation on the temperature dependence of the 
resistivity of a bulk SWCNT sample. Curve a, pristine material from a different batch 
lhan in Fig. 6; curve b, after doping with potassium; curve c, after heating in the 
cryostat vacuum to 580 K overnight; curve d, after 3 days at 580 K [35]. 

The chemical robustness of the CNT walls and the straightforward covalent 
chemistry available at the tube ends (open or closed) are also very fascinating 
properties, which were recently used to obtain better images of biological 
molecules [43]. By attaching different chemical groups to the end of a MWCNT, 
researchers at Harvard were able to create a CNT-based probe which could 
recognise specific chemical groups on a surface, thus recording not just the 
surface contour but also identifying the molecules [43]. 

Other applications could result from the fact that CNT can retain relatively high 
gas pressures within their hollow cores [44]. This new property would make 
CNTs interesting as storage media for both hydrogen gas power fuel cells and 
liquid electrolytes for batteries. Unfortunately, before all these potential 
applications for CNTs could be transferred from the research laboratory to 
industry, it is crucial to increase the yield in the synthesis technique. Although a 
recent work [45] reveals a new effective method to produce very long MWCNTs 
(2 mm in length), a large effort in the understanding of growth mechanisms has 
to be made in order to be able to produce CNT by tons as required for most 
industrial processes. 
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8 Conclusions 



In conclusion, we have shown the interesting information which one can get 
from electrical resistivity measurements on SWCNT and MWCNT and the 
exciting applications which can be derived. MWCNTs behave as an ultimate 
carbon fibre revealing specific 2D quantum transport features at low 
temperatures; weak localisation and universal conductance fluctuations. 
SWCNTs behave as pure quantum wires which, if limited in length, reduce to 
quantum dots. Thus, each type of CNT has its own features which are strongly 
dependent on the dimensionality of the electronic gas. We have also briefly 
discussed the very recent experimental results obtained on the thermopower of 
SWCNT bundles and the effect of intercalation on the electrical resistivity of 
these systems. 
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Hollow carbon nanotubes (CNTs) can be used to generate nearly one- 
dimensional nanostrutures by filling the inner cavity with selected materials. 
Capillarity forces can be used to introduce liquids into the nanometric systems. 
Here, we describe experimental studies of capillarity filling in CNTs using metal 
salts and oxides. The filling process involves, first a CNT-opening steps by 
oxidation; secondly the tubes are immersed into different molten substance. The 
capillarity-introduced materials are subsequently transformed into metals or 
oxides by a thermal treatment. In particular, we have observed a size dependence 
of capillarity forces in CNTs. The described experiments show the present 
capacities and potentialities of filled CNTs for fabrication of novel 
nanostructured materials. 



1 Introduction 

The engineering of novel devices requires, in many cases, materials with finely 
selected and preestablished properties. In particular, one of the most promising 
lines of synthetic materials research consists in the development of 
nanostructured systems (nanocomposites). This term describes materials with 
structures on typical length scale of 1-100 nm. Nanometric pieces of materials 
are in an intermediate position between the atom and the solid, displaying 
electronic, chemical and structural properties that are distinct from the bulk. The 
use of nanoparticles as a material component widens enormously the available 
attributes that can be realised in practice, which otherwise would be limited to 
bulk solid properties. 
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Both from the experimental or theoretical point of view, clusters studies present 
many difficulties due to their typical size (1-10 nm), usually larger than current 
systems studied in chemistry, but also too small for many physical standard 
techniques of characterisation and manipulation. 

Since the discovery of fullerenes [1], carbon nanostrutures have attracted a great 
deal of interest [2]. Numerous novel and exceptional properties have been 
observed or predicted for these pure carbon systems. From the large variety of 
members in the fullerene family, lately carbon nanotubes (CNT) have focused 
the attention [3] of the scientific and technological community. The basic 
structural unit of a CNT is a graphitic sheet rolled into a cylinder, while the tube 
tips are closed by hemispherical or polyhedral graphitic domes. These tubes 
present impressive aspect ratios from 100 to 1000, with diameters as small as a 
1 nm and lengths ranging from microns to millimeters. Experimentally, CNTs 
may be classified into two different types: single-walled CNT (SWCNT) [4-6] 
and multi-walled CNT (MWCNT) [3]. The first class includes cylinders, 1-2 nm 
in diameter, formed by a single graphitic layer. The second class describes a 
system formed by several graphitic cylinders arranged coaxially. The main 
scientific and technological justification for the enormous interest in CNTs is 
the expected electronic properties which would be directly related to the 
geometrical parameters of CNTs (diameter and helicity) [2]. 
In addition to chemical or physical properties, a fascinating aspect of fullerene 
related materials is their central empty space, where atoms, molecules or 
particles can be enclosed. The enclosed particles are then protected by the robust 
graphitic layers from chemical or mechanical effects. The very long cavities of 
CNTs have a special potential due to their high aspect ratio and they can be used 
as templates to fabricate elongated nanostructures. 

First attempts to fill CNTs were based on the rather uncontrolled process based 
on the electric arc. Some successful results have been reported on the formation 
of long nanometric filaments electrodes impregnated with the desired filling 
material [7]. Although the arc discharge have led to the observation of a large 
variety of interesting filled graphitic structures, the control of this process is 
very low, hindering further development. 

As the production methods of MWCNTs is very efficient [8] (see Chaps. 2 and 
12), it is an advantage lo implement a filling procedure after the synthesis. A 
promising approach to fill CNT cavities, could exploit the capillary properties 
that have been revealed by Ajayan and Iijima [9]. Subsequent studies by Dujardin 
et al.[10] allowed the estimations of a surface tension threshold in order to select 
materials that are good candidates to wet and fill CNTs. 

Here, we will describe experimental studies on capillary filling of CNTs. Because 
of the focus of this chapter, we have taken examples from the work in our own 
laboratory; certainly we may have inadvertently ignored other exciting work from 
other laboratories in the world. Still the preparation of a sample of purified and 
filled CNTs have yet to be developed, so that the study of filled tubes have been 
and can only be performed by electron microscopy and associated techniques. We 
have tried to describe in detail all the steps involved in the procedure of capillary 
filling, such as CNT production, opening, filling and final thermal processing. 



130 



2 CNT Synthesis 

The standard method to synthesize MWCNTs is based on the electric-arc 
experiment proposed by Ebbesen and Ajayan [8]. Basically, the production 
system is similar to the one used by Kratschmer et al. [11] to produce 
macroscopic quantities of Cgrj and the main difference between the two 
experiments is the inert gas pressure, that must be rather low (20-100 mbar) for 
an efficient fullerene production [11], but must be increased to 350-700 mbar to 
generate nanotubes efficiently [8]. 

Our experimental set-up uses 6 mm graphite electrodes, and the DC applied 
voltage is generated by an AC power supply, and rectifying diodes. We have 
generally used a voltage of 1 8-20 Volts, and a stable discharge is obtained for 
currents of 60-80 A. In our set-up, the inert-gas atmosphere is static, which 
means that the helium is introduced at the beginning (350 mbar) and then the 
evaporation chamber is closed; during the experiment the pressure increases and 
it usually attains 450 mbar after 10-15 min. 

During the discharge one electrode is moved in such a way that the discharge 
remains stable (this can be monitored by the current value). After this period, a 
deposit (10-15 mm long) forms on the cathode, which is composed of a hard 
grey shell formed, and a black inner core. An eye observation of the black core 
easily reveals a columnar texture in the direction of the deposit growth. The 
columns are actually formed by bundles of CNTs. 

Some details of the arc-discharge process must be considered when analysing the 
quality of the generated samples. The electric arc is basically dynamic and the 
regions where the discharge originates moves constantly over the electrode 
surface. As a consequence, important temperatures variations are produced and 
this fact is probably at the origin of the large CNT size distributions. 
Figure 1 shows some of the typical structural parameters of CNT generated in 
our laboratory. On the average, we can think that an MWCNT is a 1 micron 
long structure formed by about 10-15 concentric graphitic cylinders, the external 
one with a diameter of 12 nm, and the innermost tube has a diameter of about 2 
nm. Hence, these tubes can be used as templates, the generated enclosed wires 
would have dimensions of a few nm in diameter when filled, or a few tens of nm 
when CNTs are covered with materials. 

A major disadvantage of the arc-synthesized CNT sample is that it also contains 
an important percentage (30-50 %) of small polyhedral graphitic (onion-like) 
particles (3-50 nm) [12,13]. Several purification methods have been tried to 
extract pure CNT samples with a variable degree of success, former methods 
were based on the oxidation of the whole sample [14], the basic idea of the 
procedure is that as CNT is very long, spheroidal particles should be oxidised 
completely before the tubes; both thermal oxidation [14], liquid-oxidation [15] 
or combination on chemical treatment followed by thermal oxidation [16,17] 
were used, but the final efficiency of the process is rather low. Recently an 
approach based on the use of surfactants and filtering was reported [18]. 
Although chemical methods require the sample to be washed many times in 
order to eliminate the residues, after the washing undesired residues frequently 
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remain [17]. In our experiments, we always use the unprocessed raw sample 
including tubes and nanoparticles. 

It must be emphasised that electric-arc synthesis must be optimised for each 
particular apparatus and that different laboratories may actually produce quite 
diverse samples. Hence, it is important to carefully characterise the CNT 
samples used in any experiment. 
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Fig. 1. Typical size distribution of clcctric-arc generated MWCNTs (see text for 
details): (a)external diameter, (b)iniernal diameter and (c)silver nitrale-filled cavities. 



3 CNT-Filling Methods 

Wetting and capillarity occurs when the liquid-solid contact angle C is less than 
90° (see Fig. 2) and © c is related to liquid surface tension yby 



cos C = (y sv - Y SL ) T 



(1) 
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where yo V and y™ indicate the surface tensions at solid-vapour and solid-liquid 
interfaces, respectively. 




Fig. 2. Definition of contact angle C of a liquid droplet on a solid surface. 

In their study on CNT capillarity, Dujardin et al. [10] observed the spontaneous 
immersion/floatation of CNTs in different substances. This experiments allowed 
the authors to derive a threshold surface tension value over which no wetting and 
in consequence no capillary effect was expected. They showed that compounds 
displaying a surface tension < 100-200 mNm" 1 are potential candidates for CNT- 
filling materials. The list includes many solvents such as water, ethanol, acids, 
some low surface tension oxides (PbO, V2O5, etc.) and some low melting point 
substances as S, Cs, Rb and Se [19]. However, these experiments revealed that 
most of the scientific and technological interesting materials to form nanometric 
needles such as low melting point metals (Pb, Ga, Hg, etc.) would not enter the 
tubes spontaneously [19]. 

A different filling approach was proposed by Tsang et al. [20] who developed a 
simple wet chemical to fill the CNTs. This process is based on the chemical 
attack of tube tips by concentrated nitric acid containing a dissolved metal salt. 
The tube tips are opened and the salt solution enters the CNT. Subsequently a 
calcinating step is performed and the precipitation of elongated metal or 
metal/oxide particles is obtained (3-6 nm in diameter and 10-30 nm in length). 
Briefly, the approaches to fill CNTs may be classified in two methods [21]: a) 
physical, where a molten material enters the CNT due to capillarity forces 
[9,10]; and b) chemical, based on wet chemistry [20]. In both cases, the enclosed 
material obtained can be modified by a subsequent treatment (thermal annealing 
[20] or electron irradiation [22]). The wet chemical approach has a big advantage 
in the flexibility of materials introduced into the CNTs [20-26]. Nevertheless, it 
has a major drawback such that rather low effective quantity of enclosed matter is 
achieved and that usually it is formed by isolated particles, not always filling 
completely the CNT cavity. As for material choice, the physical filling method 
is much more restrictive, but the amount of enclosed matter can be significantly 
larger; furthermore, it may yield long continuous filaments (nanorods) 
[9,21,22,26,27]. 

The CNT cavity is not directly accessible for experiments for CNTs obtained 
from the cathode deposit because, their tips are almost always closed by 
multishell hemispherical or polyhedral domes. The first step of any capillary- 
filling procedure consists of an opening process, that will be discussed in detail 
in the following section. 
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4 Opening CNTs 

The curvature and closing of an hexagonal carbon network requires the inclusion 
of pentagons (or other defects) in the graphene layer. As this non-six-member 
rings concentrate the curvature, they are subjected to the largest strain; in 
consequence, these bonds display higher chemical reactivities than six-member 
ring bonds [28]. In CNTs, the pentagons are localised at the tips so that any 
chemical attack, such as oxidation, will erode firstly these regions, and generate 
opened tubes [29,30]. 

Tsang et al [20] have used nitric acid to open CNTs, but the simplest opening 
technique is thermal oxidation [29,30] where CNTs are heated in air or oxygen 
atmosphere to temperatures of the order of 600-700°C. As mentioned above, tips 
are eroded first. 




5 nm 



Fig. 3. High-resolution electron micrograph (HREM) of oxidised CNT tips. Note the 
amorphous carbon residue inside the lower nanotube (marked with an arrow). 

Although thermal oxidation can be performed in any conventional furnace 
attaining 700°C, an efficient processing is only obtained for highly dispersed 
CNT bundles. If the bundles are not disassembled (by crushing, ultrasound, etc.), 
the operation yields a highly heterogeneous sample (shortened tubes mixed with 
unprocessed tubes), and with an unpredictable low percentage of opened tubes. 
The thermal oxidation procedure has also been suggested as a purification 
method: since particles are shorter than CNTs they are completely oxidised 
before the long tubes [14]. Although the apparent simplicity, the obtained 
results have been variable and the efficiency has been extremely low (1 %). This 
basic difficulty has hindered the practical use for CNT purification [ 14,31 ]. 
After the thermal oxidation opening, an amorphous carbon (a-C) residue is 
frequently left on/over the tip or even inside the cavity close to the tube extrema 
[29,32] (see Fig. 3); this a-C actually plugs the CNT. To eliminate this plug, 
we have performed an additional high temperature annealing (2000-2 1 00°C, 10" 
-* Torr) [22]. The furnace used for this steps was very simple: the CNTs were 
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compacted in a tantalum tube, which was resistively heated within the same 
vacuum chamber where the tube are synthesized [33]. After this treatment, the a- 
C plug is graphitised and the dangling bonds at the tube tip are eliminated [22, 
32] so that the ragged oxidised edges are transformed into a toroidal graphitic 
structure on the tube extremity (see Fig. 4). 



4 nm 





Fig. 4. Typical tip morphology obtained after high-temperature treatment (2000 °C) 
of oxidation opened CNTs. Note the elimination of dangling bonds by a bending of 
graphitic layer (marked with arrows). 



5 Physical Filling of CNTs 

This approach is based on the immersion of opened tubes in a molten material. 
With a view to generate metal nanorods we analysed various metal compounds 
that represent potential candidates for filling. In addition to an appropriate surface 
tension, the filling substance must fulfill a few requirements as low melting 
temperature (7" m ) and that it could be easily transformed into a metal by a 
subsequent processing. It would also be desirable that the whole filling 
processing would not damage the CNTs. For example, the capillarity filling 
could be easily performed in air if the melting temperature of the substance 
would be lower than 600°C. 

Silver nitrate (AgNC>3) is a compound that fulfills the precedent requirements 
(T m - 212°C), and also it can be easily decomposed into pure silver by thermal 
treatment at 400 °C. As mentioned before, the basic characterisation technique 
for this studies is transmission electron microscopy (TEM); the atoms with 
rather high atomic number would facilitate the detection of the nanorods. 
In order to facilitate the mixing of CNTs and the nitrate, they were crushed 
ensemble in a mortar. The mixture was then heated within a Pyrex crucible in 
furnace up to 230°C for a period of 1 h. Subsequently, the sample was crushed 
to a fine powder in the mortar and disposed on a holey carbon grid. TEM 
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observations confirmed that the nitrate had indeed entered the opened tubes and 
that about -2-3 % of the CNTs were filled along their entire length. Due to the 
preparation method, the tubes were often partially embedded in large salt 
particles. We have tried to dissolve away the salt particles outside the tubes by 
washing the sample with water, but this attempts were unsuccessful because it 
also caused the nitrate inside the tubes to be removed as well [22]. 
Much care had to be taken during the TEM observations of silver nitrate filled 
tubes, because this salt is very sensitive to electron irradiation and the 
continuous filaments transformed quickly into a chain of silver particles (see 
Fig. 5) [22]. 

Enclosed nitrate filaments can be thermally decomposed to silver by a simple 
heat treatment. In opposition to electron irradiation that fragments the filaments, 
the simple heating yields continuous metal nanorods (see Fig. 6 for a silver 
filament generated by a 60 min. treatment at 400°C, pressure 10" 2 Torr). 
The successful introduction of silver nitrate leads us to test other nitrates. In 
particular some transition metal nitrates have even lower melting temperatures 
(=55°C for cobalt nitrate). 




Fig. 5. HREM of enclosed silver particles in CNTs. The metallic particles were 
obtained by electron irradiation-induced decomposition of introduced silver nitrate. 
Note that the gases produced by the nitrate decomposition have eroded the innermost 
layer of the tube. 




Fig. 6. HREM picture of a CNT enclosing a silver nanorod generated by thermal 
treatment of silver nitrate filled CNTs. 
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Filling experiment using Co nitrate showed similar results, but the observation 
of Co nitrate filaments was more difficult because usually this compound was in 
an amorphous structure when enclosed in CNTs. As for the decomposition of Co 
nitrate, it would be extremely interesting to be able to generate pure metal 
nanorods, but actually we obtained cobalt monoxide (CoO) filaments, as could be 
measured by electron diffraction and high-resolution electron micrograph 
(HREM) imaging. Figure 7 shows a micrograph of a CNTs enclosing two CoO 
nanorods whose diameter is of the order of 2 nm. It is important to emphasise 
that our TEM observations showed that smaller CNTs are filled with Co nitrate 
compared to the silver analog. 



10 nm 
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Fig. 7. Silver nanorod enclosed in a CNT generated by thermal treatment of silver 
nitrate and close CNTs. See text for explanations. 

The decomposition of the nitrates produces oxygen molecules, and we have 
verified that if a mixture of silver nitrates and closed tubes is submitted to a 
thermal treatment (400°C) decomposing the salt, it is possible to observe filled 
CNTs (Ag, Co, Cu [34]). It appears that oxygen liberated during the thermal 
decomposition of the metal salt erodes the CNT tip and the yet un-decomposed 
salt then enters by capillarity (see Fig. 8). We have also observed during the 
electron-irradiation decomposition of enclosed nitrate that the liberated gases 
erodes the CNT cavity [22] (see the innermost tubes in Fig. 5). 
Although we have made several efforts to optimise the filling process, our efforts 
were unsuccessful and the percentage of filled tubes remained low (2-3 %); this 
filling efficiency was in contradiction with our estimation of the opening process 
efficiency being of the order of 60 % [22]. After a detailed analysis, we concluded 
that there would be additional factors involving the simple size-independent 
macroscopic wetting models considered previously. An important evidence can be 
obtained from the filled-cavities size distribution; TEM measurements indicated 
that the filling diameters were in the range of 4-I0 nm (Fig. 1(c)). These values 
were typical of our experiments, and also similar sizes could be inferred from 
most electron microscopy images reported in the literature [21,22,26,27,35]. As 
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can be seen in Fig. 1 (b), the distribution of the inner CNT diameter is centred on 
much smaller values (maximum at =2 nm). Hence, there appears to be a tendency 
to fill wider cavities. Our results indicate that the low quantity of filled tubes, in 
first approximation, represents basically the low quantity of CNT with large 
inner cavity, and it suggests that narrower tubes are not filled due to a reduced 
capillarity effect. A simple minded explanation of this effect is given in Sec. 7. 
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Fig. 8. CNTs filled with CoO filaments produced by thermal treatment of enclosed 
cobalt nitrate. Note the small diameter of the CoO filaments (~ 2 nm). 

We have described above the main observed phenomena for capillary effects by 
silver nitrates, however other chemical compounds display a different behaviours 
as it is described in the next section for lead oxides. 



6 Lead Oxide Filling 

CNT capillarity was firstly discovered by heating a sample composed of tubes 
and lead nanoparticles in air, and TEM studies revealed that a few tubes presented 
some material inside their cavities [9]. Although fillings could present 
impressive length (100 nm) and diameters as small as 2 nm. The phase that had 
entered the tubes could not be clearly identified by the authors and they also 
speculated on the possible formation of new phases. 

When CNTs are filled with lead [9,32] or bismuth [29] compounds, the tube tip 
displays an erosion pattern and it is covered by a filling material droplet. This 
phenomenon can be observed in Fig. 9 (indicated with arrows), where we show 
typical results obtained for a mixture of opened MWCNTs and lead oxide (PbC>2) 
heated in air at 450°C. The lead-compound filling can be clearly seen as a darker 
band at the centre of the tubes; these continuous filaments are about 400 nm in 
length and 4 nm in diameter. The existence of these plugs indicates that the tip 
must somewhat play an active role in the filling process. Maybe it acts as 
catalysis or reducing agent. 
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Fig. 9. Lead-compound filled CNTs. Note the very long continuous filament inside 
the tubes, and also the plugs formed at the tube tips (marked with arrows). 

Our results indicate that the number of filled tubes is rather low, but the filled 
ones display astonishing narrow and very long filaments (2-3 nm in diameter and 
several hundreds of nm in length) [32]. If capillary filling is extremely efficient 
for these cases, it seems rather contradictory that filled tubes are so rare. We have 
not yet been able to identify the factors governing the exceptional capillary 
behaviour of only a few tubes. 




Fig. 10. Analysis of the atomic lattice images of the lead compound entering CNTs 
by capillary forces; (a)detailed view of the high resolution image of the filling 
material, (b)tetragonal PbO atomic arrangement, note the layered structure and 
(c)tetragonal PbO observed in the [111] direction, note that the distribution of lead 
atoms follows the contrast pattern observable in (a), (d)bidimensional projection of 
the deduced PbO filling orientation inside CNTs as viewed in the tube axis direction, 
note that PbO layers are parallel to the cylindrical CNT cavity. 
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The energy dispersive X-ray spectroscopy (EDX) analysis of the lead compound 
filled tubes revealed the presence of lead, oxygen and carbon. By this kind of 
chemical analysis it is not possible to determine if the carbon signal is only 
associated to the CNT layers or if the Tilling materials also contain carbon (lead 
carbonate). 

The filling lattice fringes provides very good information to determine the 
enclosed material. A detailed view of an HREM image of enclosed filament is 
shown in Fig. 10; here we can detect three family of atomic planes. The first one 
is composed by lattice fringes with a period of 0.28 nm that are observed 
perpendicular to the axis; the other two have a periodicity of 0.31 nm and form 
an angle of =33 degrees with the tube axis. 

The observed lattice spacing displays a good agreement with lead monoxide 
(PbO) values. This compound has two possible structures; the main one is 
tetragonal and the other orthorhombic (actually a slight distortion of the 
tetragonal arrangement). As our data do not allow to discriminate between the 
two possible structures, we will consider only the tetragonal phase in which the 
(1 10) and (101) spacings correspond to 2.809 and 0.31 15 nm, respectively. 
The basic structure of tetragonal PbO is composed of a stacking (in the [001] 
direction) of layers of Pb-O connected by weak interlayer bond (see Fig. 10(b)). If 
these crystals are observed following the [111] direction with the [110] vector 
parallel to the tube axis, the spatial distribution of Pb atoms is in very good 
accordance with the HREM observed contrast pattern (see Fig. 10(c)); the 
expected angle between the (101) and the tube axis is 33.5 degrees, being in very 
good agreement with the measured value of 33 degrees. A more conclusive 
evidence of this assignment has been verified by image simulation [36]. As the 
tube axis coincides with the [110] direction of PbO, we can also deduce that the 
stacking direction [001] of PbO layers is orthogonal to the CNT axis. This 
orientation means that the layers are continuous and parallel to the cavity axis 
(see schematic representation in Fig. 10(d)); this is expected spatial arrangement 
of a layered material in a cylindrical cavity in order to minimise the surface 
energy. 

We must emphasise that PbO has already been suggested as a good candidate to 
fill tubes due to its low surface tension [19]. Our experimental observations are 
very well explained by the PbO fillings, but several questions remain opened in 
order to understand completely the capillary process. The main controversial 
point is that PbO is the high-temperature stable phase of lead oxides requiring 
heat treatment in air at 550°C, and it would not be formed during our experiment 
at 450°C. For the range of temperatures used in our experiments, the presence of 
Pb304 or PbO;,; (x > 1) should be expected. Other question concerns the melting 
temperature of PbO (886°C) that is much higher than the parameters used during 
thermal treatments (450°C). Other compounds such as stoichiometric lead oxides 
or lead carbonate have lower melting temperatures (Pb02 290°C, Pb304 500°C, 
Pb203 370°C, PbC03 315°C), so that, if these are present in the experiments 
they would be liquid and could be the candidates for capillary filling. 
In spite of a detailed analysis, many crucial aspects are yet to be understood, such 
as the role of the tube tips in possible chemical activity (formation of lead 
carbonate or reduction of lead oxides), or a possible lowering of melting 
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temperature for the nanometric volumes of material concerned in these 
experiments [37]. 



7 Size Effects in CNT Capillary 

The capillary filling of CNTs is basically and usually described using 
macroscopic thermodynamic approximations. For example, Dujardin et al. [10] 
concluded that the surface-tension threshold value for filling a CNT was 100-200 
Ncrrr^ 

Wetting and capillarity can be expressed in terms of dielectric polarisabilities 
when van der Waals forces dominate the interface interaction (no chemical bond 
or charge transfer) [37]. For an arbitrary material, polarisabilities can be derived 
from the dielectric constants (e) using the Clausius-Mossotti expression [38]. 
Within this approximation, the contact angle can be expressed as: 

cos C = 2 (a s /a L ) - 1 (2) 

where a, and ou are the polarisabilities of the liquid and solid, respectively. 

As it can be seen in Fig. 1(c), there is a minimum size for the silver nitrate 
filling. If we assume that the polarisability of the enclosed material is identical to 
the bulk value, we can estimate the CNT cavity polarisability by using the 
measured minimal filled CNT. Then, if the cavity polarisability is size 
dependent, this approach can be used to measure the tube cavity properties, and 
we could also predict the wetting properties (or minimal filled tubes) for different 
materials. 

Using the data obtained from the silver nitrate experiments, we have derived a 
simple approximation to calculate the cavity polarisability as a function of 
diameter [22]. If we apply this model to cobalt nitrate, the derived threshold for 
filling is 0.8 nm [32]; this result qualitatively agrees with our observations that 
cobalt nitrate-filled cavities are much narrower (= 2 nm) than obtained with silver 
nitrate (= 4 nm). 



8 Summary 

Filling CNTs represents a remarkable example of manipulation of matter at the 

nanometric level. The experiments described here clearly show example of the 

capacities and potentialities for nanofabrication of novel materials. 

Most of our results have been obtained by TEM studies of individual tubes that 

can be considered nanolaboratories; the ability to control and observe such small 

objects is very impressive. However, it also strains a limitation concerning the 

lack of an efficient method to generate macroscopic quantities of filled tubes, 

where we could be able to apply conventional macroscopic characterisation 

techniques. 

There are many aspects to be considered before a comprehensive understanding of 

nanocapillary could be developed such as the effect of the electronic properties of 
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CNTs, or changes of structure or melting point of liquid in nanometric cavities, 
etc. Many interesting experimental and theoretical studies are in progress on the 
CNT filling, and the obtained new knowledge will not only be useful for 
fullerene-related materials field, but also it will illuminate the development of the 
whole field of nanotechnologies. 
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1 Introduction 

Most carbon nanotubes (CNTs) employed in current research have been 
produced by the arc-discharge or laser ablation methods. This emphasis is easily 
understood because multi-walled CNTs (MWCNTs) were first found in the 
carbon cathode associated with the arc-discharge technique used to prepare 
fullerenes [ 1 ] and because single-walled CNTs (S WCNTs) were formed when arc- 
discharging [2,3] and laser ablation [4,5] were conducted in the presence of metal 
catalysts. Unfortunately, both methods suffer from serious drawbacks arising 
from difficulties encountered in eliminating by-products, namely carbon 
nanoparticles and amorphous carbon fragments, which lead to inefficient 
commercial production. Purification difficulties are considerable because CNTs 
are insoluble and, hence, liquid chromatography cannot, as is the case for 
fullerenes, be used to purify them. As a result the arc-discharge and laser ablation 
methods appear to provide unpromising approaches to CNTs. 
Most researchers were not apparently aware of earlier CNT preparations in the 
context of ultra-thin vapour-grown carbon fibres (VGCF). This type of CNT is 
termed pyrolytic (PCNT) and its preparation shows promise of large-scale 
synthesis. Needless to say, it is of practical importance to provide sufficient 
CNTs at reasonable cost. This chapter highlights the preparation methods, 
structural characteristics and current commercial status of PCNTs and includes a 
description of the devices used hitherto to obtain aligned PCNTs. By way of 
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comparison, researches into large-scale CNT synthesis by the arc-discharge or 
laser ablation methods are also summarised. 



2 Optimisation of Conventional CNT Production 

2.1 MWCNTs 

MWCNTs were first found as a deposit in the inner core of the carbon cathode 
used in the arc-discharge process for generating fullerenes [1]. Optimal 
production of MWCNTs has been achieved by varying several parameters [6]. 
The optimised arc-discharge process uses He (500 Torr) as the background gas in 
conjunction with a 10-18 V supply and 100 A dc current. These conditions 
convert 75% of the consumed graphite anode into a cathode deposit containing 
MWCNTs. The purified MWCNTs are 2-20 nm in diameter and several 
micrometers in length. The tubes are multi-walled with an inter-wall separation 
of ca. 0.34 nm. 

2.2 SWCNTs 

It has been reported that SWCNTs form in the soot generated in the arc -discharge 
chamber when metal catalysts are present. This preparation technique was 
published almost concurrently by two groups [2,3]. Thus Iijima and Ichihasi [2], 
employing an Fe catalyst and a mixture of CH4 (10 Torr) and Ar (40 Torr), 
obtained ca. 1 nm diameter SWCNTs, whereas Bethune et al. [3] produced ca. 
1.2 nm diameter SWCNTs using He (100-500 Torr) and Co as the catalyst. It 
has been reported, that laser vapourisation of a graphite rod doped with 1.2 at. % 
of a 1:1 mixture of Co and Ni powder in an oven at 1200°C generates close- 
packed SWCNT bundles in greater than 70% yield [4,5]. 

Optimisation of SWCNT production has been attempted within the framework 
of the arc-discharge method in which anode and cathode were made of graphite 
rods, a hole in the anode being filled with metal catalysts such as Y (1 at.%) and 
Ni (4.2 at.%) [7]. A dense "collar" deposit (ca. 20% of the total mass of 
graphite rod) formed around the cathode under He (ca. 500 Torr), with 30 V and 
100 A dc current. It was confirmed that this optimal "collar" contained large 
amounts of SWCNT bundles consisting of (10, 10) SWCNTs (diameter 1.4 
nm). Such morphology resembles that produced by the laser ablation technique 
[4,5]. 



3 VGCFs (PCNT background) 

It is generally recognised that most organic compounds, including resins and 
polymers, yield charcoal, coal and amorphous carbon when decomposed under 
non-oxidising conditions. The reactions often involve dehydration and 
dehydrogenation. The morphology and solid-state properties of the carbon 
materials thus prepared depend strongly on the starting materials and parameters 
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associated with the carbonisation process, such as pyrolysis temperature, 
retention time and so on. It is noteworthy that these parameters can be readily 
controlled. 

On the other hand, organic materials of relatively low molecular weight such as 
acetylene, benzene, ethylene and methane, can produce vapour-grown carbon 
materials by imperfect combustion or by exposing their vapour to a heated 
substrate in an electric furnace in the presence of a metal catalyst. The latter 
process generates VGCFs. Other precursors to VGCF include polyacrylonitrile 
(PAN), isotropic or mesophase pitch, rayon or nylon [8J. 

VGCFs have typical diameters of 100 nm - 100 |im with hollow cores [9J. Thus 
VGCFs are 10^ - 10-* times thicker than CNTs. A preparation method for 
VGCFs was first developed by Endo [ 1 0, 1 1 ] who decomposed benzene at 1 1 50- 
1300°C in an electric furnace in the presence of H2 (99.9% pure) as the carrier 
gas (see Fig. 1). Ultra-fine particles of Fe (ca. 10 nm diameter) or its 
compounds, such as Fe(N03)3 or ferrocene, were introduced into the chamber as 
a catalyst. 



Thermocouple 




Temp. Controller 
Benzene 

Fig. 1. Apparatus for the VGCF production; suitable for PCNTs [18]. 



It is known that the temperature of the chamber and partial pressure of the 
benzene vapour needs to be carefully controlled for effective VGCF growth. 
Further heat treatment of such a VGCF at ca. 3000°C yields highly crystalline 
CFs, comparable with graphite whiskers prepared by dc discharge of graphite 
electrodes under Ar at 3900 K, as described by Bacon [12]. The structural and 
electrical properties of VGCFs thus prepared have been well documented [10, 11, 
13-16]. The VGCF growth mechanism has been explained on the basis of three 
processes [8] listed in Table 1 . 

Table 1. VGCF growth process from benzene vapour. 



Process 



Temperature range Fibre length 



Fibre outer 
diameter 



Nucleation 
Elongation 
Thickening 



1000-1010 °C 
1010-1040 °C 
1040-1 100 °C 



10-60 mm 
60 mm 



< 5 |im 

5-25 inn 
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4 Pyrolytic Carbon Nanotubes (PCNTs) 

4.1 Endo PCNTs 

The preparation of PCNTs from benzene has been reported by Endo et al. [17- 
20]. The process is essentially similar to that used for VGCFs described above, 
but without secondary wall-thickening phase (see Fig. 2). Thus PCNTs can be 
regarded as the precursor for VGCFs, but having a much smaller nanometer-scale 




Fig. 2. (a) (b) Transmission electron microscopy (TEM) images of as-grown VGCFs 
(broken portion) with the PCNT core exposed; field emission-type scanning electron 
microscopy (FE-SEM) image of (c) as-grown and (d) heat-treated VGCFs (broken 
portion) at 2800°C with PCNT (white line) exposed [20]. 

diameters. An apparatus, basically similar to that shown in Fig. 1, can be 
employed for PCNT preparation, where it is most important to exercise fine 
control over parameters such as temperature, retention time, benzene partial 
pressure, hydrogen gas How and so on. It has been reported that pyrolysis of 
hydrocarbon vapour in the presence of a Fe catalyst at ca. 1040°C yields PCNTs 
possessing 2-3 nm diameters [8]. Thermal decomposition of a gaseous mixture 
of benzene and H2, as used in the VGCF preparation, yields multi-walled 
PCNTs (Fig. 3) in which at least two coaxial tubes are present. PCNTs are 
MWCNTs in general. 

The uniform growth of PCNTs generally requires the partial pressure of benzene 
to be as low as possible. Following a 1 h retention time, the chamber is cooled 
to room temperature and the H2 atmosphere is replaced by Ar. The product, 
deposited on the substrate is collected and then annealed at 2000-3000°C under Ar 
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in order to achieve graphitisation and to enhance crystallinity. It is of interest 
that thin coiled PCNTs (15-20 nm outer diameter, 30 |0.m length) have been 
prepared from acetylene in the presence of a Co catalyst on silica at 600°C [21]. 
It must be emphasised that under the optimised preparation conditions, no by- 
products, such as carbon nanoparticles or amorphous carbon fragments are 
formed. Thus this preparation method for PCNTs is promising for large-scale 
synthesis of MWCNTs, since apart from removal of the metal catalyst tedious 
purification processes are avoided. 

2nm HBkflfldflHIHIHBI 



2 



,5nm, 



Fig. 3. Heat-treated PCNT; two concentric layers and a hollow core (2.4 nm 
diameter) [18]. 

4.2 Hyperion PCNTs 

PCNTs are marketed commercially by Hyperion Catalyst International Inc. 
(Cambridge, Mass. USA), based on a patent [22]: Graphite Fibrils™. The 
method of production appears to be essentially the same as that used for Endo 
PCNTs. The material consists of MWCNTs, 10-20 nm in diameter and 10-12 
|a.m long, with ca. 10 coaxial layers within each tube. The tubes have hollow 
cores of ca. 3 nm diameter. The Brunauer-Emmett-Teller (BET) analysis 
characteristically shows a surface area of 250 m^/g, true density 2.0 g/cm-' and 
bulk density of less than 0.1 g/cm-' (95% void vol). 

The Hyperion PCNTs are typically prepared as follows [22]: a metallic catalyst 
[Fe(N03)3 supported on AI2O3] is dispersed in a ceramic boat which is then 
placed in an electric furnace. After pre-treatment (flushing with Ar at 500°C) the 
temperature is raised to 900°C under an H2 flow, and a vapour consisting of H2 
and benzene (9: 1 vol %) is introduced into the furnace for 2 h. MWCNTs collect 
in the ceramic boat and, after cooling to room temperature under an Ar flow, the 
product is harvested. 

The MWCNTs are per se virtually by-product- free and the potential for large- 
scale synthesis is considerable. However, the Hyperion MWCNTs appear to be 
rather entangled [23]. Nevertheless the patent [22] covers a wide area of 
MWCNTs and requires attention in the context of commercialisation. 
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5 Preparation of Aligned PCNTs 

It is important to construct aligned CNT arrays in order to measure properties of 
individual tubes and to advance the development of electrical and/or electronic 
devices. From this viewpoint recent developments concerning CNT preparations 
involve the creation of aligned CNT bundles. 

In earlier research the alignment operation was applied to CNTs in the form of a 
CNT-polymer resin [24] or CNT suspended in a solvent [25]. In the method 
developed by Ajayan et al. [24], purified MWCNTs were dispersed in an epoxy 
resin which was cut with a diamond knife and a microtome in order to obtain 
aligned CNTs. De Heer et al. [25] used a 0.2 (Am pore ceramic filter in order to 
create an MWCNT suspension in ethanol, and to obtain a black deposit which 
was transferred to a plastic surface (Delrin or Teflon) by pressing the filter onto 
the polymer. However, only a moderate degree of orientation and uniformity in 
length of the CNTs was achieved by this method. 

More sophisticated CNT alignments have been employed by direct deposition of 
PCNTs onto an aligned template using a patterned catalyst or its equivalent [26- 
29]. Aligned PCNTs have been generated perpendicular to the surface of 
mesoporous silica by growth from pores containing embedded iron nanoparticles 
as catalysts. A flow of acetylene (9%) in N2 over the porous silica, maintained 
at 700°C was used and aligned MWCNTs consisting of ca. 40 concentric layers 
and ca. 30 nm diameter were obtained, with 100 nm spacing between each tube. 
After 2-5 h the length of the MWCNT attained 50-100 |uiri; neither filled tubes 
nor carbon nanoparticles were observed in the product. 

Terrones et al. [27] have investigated the possibility of preparing aligned 
MWCNTs by pyrolysis of 2-amino-4,6-dichloro-s-triazine over a catalyst 
prepared by laser etching linear tracks in Co deposited on a silica substrate. 
Aligned MWCNTs with interlayer spacings of 0.34 nm and 30-50 nm external 
diameter were obtained. The tube length almost reached 50 |im and by-products, 
such as nanoparticles, were absent. The authors noted that the configuration of 
the furnace is important because the PCNT generation process is influenced by 
gravity. 

It has been reported that thermal decomposition of silicon carbide (a-SiC) 
generates aligned CNTs by surface diffusion as shown in Fig. 4 [28]. In this 
method an a-(0001) SiC wafer (3x5x0.34 mm 3 ) with a carbon-termination 
plane is placed in a vacuum furnace (lxlO" 4 Torr) and heated to 1300-2000°C. 
The longest (0.15 |im) MWCNTs, 2-5 nm diameter, were obtained by heating at 
1700°C for 30 min, and the capped tubes grew from the SiC surface. The density 
of MWCNTs grown in this way amounted to 30,000 tubes/jim 2 and, hence a 
large area CNT film could in principle be prepared by extending this method. 
Electron diffraction (ED) analysis confirmed the high degree of CNT alignment 
and good graphitisation. The tube interlayer distance was found to be 0.344 nm 
compared with 0.335 nm for pure graphite. 

Employment of higher temperatures {e.g. 2000°C) yielded only graphite, aligned 
parallel to the SiC surface. At low temperatures (1000-1300°C) almost no 
MWCNTs grew on the SiC surface. By evoking the presence of traces of O2 in 
the furnace the following thermal decomposition was proposed. 
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a-SiC + 1/2 2 ----- > SiO(gas) + C(CNT) 

The formation mechanism is illustrated in Fig. 5. CNT film has also been found 
to grow epitaxially on the surface of a (3-SiC crystal particle [29]. The present 
method should prove to be applicable to flat panel displays or to electronic 
devices utilising MWCNTs. 

at 1700 °C 




Fig. 4. (a) TEM image and ED pattern (left) of the surface of a decomposed a-SiC 
(0001) wafer; (b) top portion of the tubes in (a). Caps (2-5 nm diameter) on well- 
aligned CNTs [28]. 




»-WwWw 



f3(WC 




Fig. 5. Formation mechanism for CNT film on a-SiC (Courtesy of Dr. M. 
Kusunoki). 



6 Recent Preparation Methods 

CNTs have been prepared recently by electrolysis and by electron irradiation of 
tube precursors. For example, Hsu el al. [30,31] have described the condensed- 
phase preparation of MWCNTs by an electrolytic method using a graphite rod 
(cathode) and carbon crucible (anode) (Fig. 6) in conjunction with molten LiCl 
as the electrolyte, maintained at 600°C under an Ar atmosphere. Application of a 
dc current (3-20 A, <20 V) for 2 min yielded MWCNTs (2-10 nm in diameter, 
>0.5 [im in length) consisting of 5-20 concentric layers with an interlayer 
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spacing of 0.34 nm. By-products, such as amorphous carbon and encapsulated 
CNTs, were also formed. 




LlUuom CbJortdc 



U« LUct IAj. He. etc) 



Fig. 6. Electrolysis apparatus [31 J. 

It has recently been reported that a molecule, claimed to contain a high 
concentration of conjugated alkyne units, can be prepared by electrochemical 
reduction of polytetrafluoroethylene (PTFE) [32,33]. The reduction is carried out 
using magnesium and stainless steel as anode and cathode respectively. The 
electrolyte solution contains THF (30 cm 3 ), LiCl (0.8 g) and FeCl 2 (0.48 g). A 
10x10 nm 2 PTFE film, covered with solvent, is reduced to "carbyne" (10 V 
for 10 h) 

(CF 2 CF 2 ) n + 4n Mg +# - -> (-C=C-) n + 4n Mg 2+ + 4n F" 



The PTFE film turns black and the product exhibits a 2100-2200 cm -1 band, 
characteristic of the C=C bond in the i.r. and Raman spectra. It might be worth 
noting that, in the experience of some, pure condensed molecules of these types 
are known to explode violently. 

Electron irradiation (100 keV) of the sample, heated to 800°C, yields MWCNTs 
(20-100 nm in length) attached to the surface. Such nanotube growth does not 
take place if natural graphite, carbon nanoparticles or PTFE are subjected to 
electron irradiation. The result implies that the material may be a unique 
precursor for CNTs and may constitute a new preparation method. 
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7 Concluding Remarks 

Preparation methods for PCNTs have been reviewed in the context of 
parameters which may lead to large-scale MWCNT synthesis free of by-products. 
It is noteworthy that the formation of aligned CNTs is currently an active area of 
research in conjunction with PCNT preparation. The use of SWCNTs and/or 
MWCNTs in electronic devices are being developed. As yet it has not proved 
possible to produce CNTs with diameters and helicities to order. The formation 
of SWCNTs by the PCNT process has not yet been reported and it is of interest 
to examine whether this process can be used to prepare them. 
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CHAPTER 13 



Carbon Nanotubes as a Novel 7C-Electron 
Material and Their Promise for 
Technological Applications 



SUSUMU YOSHIMURA 



Advanced Materials Research Laboratory, Matsushita Research Institute Tokyo, 
Inc., 3-10-1 Higashimita, Tama-ku, Kawasaki 214-8501, Japan 



it- Electron materials, which are defined as those having extended it-electron 
clouds in the solid state, have various peculiar properties such as high electron 
mobility and chemical/biological activities. We have developed a set of 
techniques for synthesizing carbonaceous it-electron materials, especially 
crystalline graphite and carbon nanotubes, at temperatures below 1000°C. We 
have also revealed new types of physical or chemical interactions between it- 
electron materials and various other materials. The unique interactions found in 
various it— electron materials, especially carbon nanotubes, will lay the 
foundation for developing novel functional, electronic devices in the next 
generation. 



1 Introduction to rc-Electron Materials 

Carbon is a flexible atom in the way of bonding and hence presents various and 
unique physical, chemical and biological behaviours in the solid state. Of the 
two types of bonding of carbon, the sp-* and sp 2 bondings as in diamond and 
graphite, respectively, the existence of the latter "rc-electron bonding" provides 
grounds for believing in carbon's versatile talents. Those materials that have 
extended 7i-electron clouds are called l 7t-electron materials', which include 
graphite, carbon nanotubes (CNTs), fullerenes and various carbonaceous 
materials. 

Among these carbonaceous materials, pyropolymers have long been known as 
one of electrically conducting polymers which are conductive without doping and 
are appreciated as a conductive polymer of high stability, for they are obtained by 
heating organic molecules or polymers at higher temperatures, usually between 
400 and 1200°C [1]. The synthetic procedure for the pyropolymers has been out 
of favour with most of chemists as "dirty chemistry." One of the major reasons 
for this may be that the structure and property of the products cannot fully be 
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identified because of their complex reaction procedures in the non-equilibrium 
state. However, the synthetic procedure has a possibility of yielding various new 
ordered materials from the non-equilibrium chaos. For example, poly-peri- 
naphthalene, which is a ladder-type polymer and a typical one-dimensional 
graphite, has been synthesized via thermal decomposition and condensation of 
perylene derivatives at about 520°C [1, 2]. Furthermore, heat treatment of 
condensation polymers, like polyimide and polyamide, has yielded a film 
composed of highly oriented and nearly ideal graphite crystallites at temperatures 
above 2700°C [1 , 3]. It did not take long before this procedure was proved to be 
a treasure island, when fullerenes, C^o. C70 and so on, were discovered in the 
carbon mist evaporated from graphite via laser ablation [4]. After the discovery, 
the pursuit of the "dirty chemistry" became more and more hot and, another new 
material, CNT, was found in the carbon deposit from graphite in an arc-discharge 
vessel [5]. The CNT may have been regarded as a fullerene extended to one 
direction, or as "bucky tube," but its physical properties are totally different from 
the latter. The CNT is thought to be an allotrope of graphite and, thanks to its 
highly stable nature, it has much promise for technological applications, which 
seems to be one of the major reasons for the very extensive research in these 
days. 

Graphite is the most typical example among the 7t-electron materials defined 
above and it has created a "wonderful world," because of its superior physical 
properties. The specific properties of graphite mark many "world records" among 
all of the existing materials, such as the electrical conductivity (a = 10 6 Scm" 1 ) 
of graphite intercalation compounds (GICs), the sound velocity (v = 23,000 ms" 
') and thermal stability (over 3000°C) of graphite. The electron mobility of 
graphite at lower temperatures (|X > 10 6 cm2v~'s"' at 4 K) [6] is comparable 
with that of superlattice structures of compound semiconductors. The 
technological application of high-quality or highly-crystalline graphite has been 
limited to the fields of so-called high-end use, owing to its very expensive 
nature. For example, graphite has only been employed in such areas as optical 
elements for x-ray or neutron radiation [7,8], atomically-flat substrates for 
scanning force microscopes, high-frequency loud speakers for Hi-Fi audio 
appliances [9] and heat radiation aids for electronic devices [10]. In particular, the 
last two applications make use of high sound velocity (v = 18,000 ms" 1 ) and 
thermal conductivity (k = 800 WK"'m"') of graphite to the reproduction of clear 
and natural sound and the liberation of excess heat from high-capacity and high- 
speed microprocessors, respectively. However, there have been little or no 
attempts to develop high electron mobility devices, optical devices or quantum 
devices taking advantage of such superior physical properties of graphite. The 
major problems hampering the wide range of electronic applications of graphite 
come from the fact that graphite has to be synthesized at extremely high 
temperatures (at 2800°C at the lowest) and that the electronic properties of semi- 
metallic graphite has not fully been controlled intentionally. 
This chapter describes some of the recent results on the low-temperature 
synthesis of crystalline graphite and CNTs, referring to various characteristics 
relating to the rc-electron materials, which have been found in "the Yoshimura 
rc-Electron Materials Project" [11] of the ERATO program in Japanese 
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governmental projects. Another objective of this chapter is to review the 
possibility of applying the 7i-electrons materials, especially CNTs, to new 
electronic devices based on their unique characteristics. 



2 Low-Temperature Graphitisation and CNT Formation 

2. / Metal-catalyzed low-temperature graphitisation 

Traditionally, graphite has been synthesized at temperatures as high as 3000°C 
and, in order to utilise graphite in ordinary semiconductor processes or to 
construct superlattices with metals or semiconductors, the temperature should be 
lowered to below 1000°C at the least. For this purpose, attempts were made to 
select starting materials and catalysts for carbonisation and graphitisation based 
on the chemical vapour deposition (CVD) process. Using 2-methyl-l,2'- 
naphthylketone (Fig. 1 (1)) as a starting material, it was found that crystalline 
graphite was synthesized at 600°C on a nickel or platinum substrate [12]. 
Furthermore, highly-oriented graphite with a mosaic spread less than 0.20 A was 
obtained on a platinum film deposited on a sapphire single crystal, which mosaic 
spread implies the highest orientation among all the artificial graphite [13]. The 
role of the metallic catalysts was considered to promote a quite unique reaction in 
which the starting monomers coupled directly to form graphite via 
dehydrogenation of the former. Various other interesting reactions with the 
metallic catalysts were found to proceed; crystallisation of amorphous carbon to 
graphite at temperature above 800°C [14] and transformation of diamond-like 
carbon to crystalline graphite above 500°C [15], 




H3C 




Fig. 1. Chemical structure of the starting materials for low-temperature 
graphitisation: (1) is 2-methyl-!,2'-naphthylketone mainly considered in this 
chapter. 
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2.2 Low-temperature synthesis of CNTs 

The metal-catalyzed low-temperature graphitisation process was further developed 
to the synthesis of CNTs at temperatures below 1000°C. Namely, when 2- 
methyl-l,2'-naphthylketone was vacuum-deposited via CVD on a thin nickel 
film (5 nm in thickness), CNTs including nickel cylinders within the hollow 
space of the tube were obtained at 700°C [16]. Transmission electron microscopy 
(TEM) observation, Raman spectroscopy and x-ray diffraction patterns altogether 
showed that the nanotube was almost completely graphitic in spite of the very 
low deposition temperature. Contrary to the case of graphite formation described 
in the above section, the evaporated nickel film was annealed and transformed to 
particles of 20-30 nm in diameter during the deposition. The particles were first 
covered with graphite sheaths following the same reaction scheme as described 
above and then the sheaths were considered to split open to form a tubular 
structure developing longitudinally with the nickel particles transformed to a 
cylindrical form in the tube (Fig. 2) [17]. 




Fig. 2. TEM image of a CNT obtained by CVD of 2-methyl- 
a vacuum-evaporated nickel film (5 nm in thickness) at 700°C. 



,2'-naphthylketone on 




Fig. 3. TEM images of CNTs obtained by CVD of nickel phthalocyanine on a quartz 
substrate at 800°C: the bottom of the tube (right) and tip of the tube (left). 



CNTs were also synthesized at lower temperatures starting from some metal 
phthalocyanines [18]. Nickel-, cobalt- and iron-phthalocyanines were deposited in 
vacuum and CNTs were grown perpendicularly on a quartz substrate at 700 and 
800°C at relatively high yield. At the base of the nanotubes, a cluster of metal 
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was encapsulated as a conical shape (Fig. 3), which indicates that the 
decomposed metal served as a nucleation centre for the graphite formation. 
Toward the tip of the tubes, the diameter gradually decreases and the tube 
becomes curled or even coiled at the end. A possible explanation for this is that 
the CNTs synthesized from phthalocyanines are composed of nitrogen-containing 
heterographite [19]. 



3 Interactions between n-Electron Materials and Various Other 
Materials 

Since the carbonaceous materials can be very active in interacting with other 
materials, the materials science of the 7t-electron materials is the investigation 
and control of various interactions between 7t-electron materials and other 
materials, some of which are related to the synthesis of new materials and some 
are going to be a key technology in the development of new functional devices. 
Various specific interactions including those of 7i-electron materials with 
metals, semiconductors and silica glasses have been found in the Yoshimura n- 
Electron Materials Project [11]. Some other interesting interactions were 
observed with organic polymers and biological substances, namely epitaxial 
polymerisation of functional polymers on the basal plane of graphite [20] and 
promotion of proliferation of biological cells contacting with graphitic materials 
[21]. These should be regarded as typical and/or specific examples of versatile 
interactions which the 7i-electron materials can exhibit and some of the typical 
interactions will be discussed in more detail. 

Metals play very important roles in the synthesis of new Tt-electron materials 
and the realisation of new physical or chemical properties. A nickel catalyst was 
found to contribute to a fanciful "scooter mechanism" [22] of the formation of 
single-walled CNTs (SWCNTs), keeping the tube open and facilitating the 
longitudinal growth of the tube very efficiently, when it was incorporated in a 
carbon target of laser beam evaporation at 1200°C. Nickel, cobalt and iron have 
catalyzed the formation of multi-walled and highly-graphitised CNTs at 
temperatures below 1000°C when some low-molecular organic molecules were 
decomposed on them [12, 23]. One of the effects of the metallic catalysts is to 
exert a remarkable lowering of the graphitisation temperature (to about 500°C) 
[15]. That carbon or graphite is a very stable material may be a superstition 
when it comes to the interaction with metals; as an example, chemical-vapour 
deposited carbon was found to corrode platinum metal and to transform itself to 
highly-crystallised graphite embedded in the latter [13]. 

The formation of fullerenes and CNTs has also been affected by their 
environmental atmosphere [22] and, in particular, a hydrogen atmosphere plays 
an important role in forming graphitic structures of multi-walled CNTs 
(MWCNTs) in the form of "buckybundles" [24]. Intercalation into MWCNTs 
has been difficult or impossible, because there is no space for intercalants to 
enter into a Russian-doll-type structure of the nanotubes. However, the 
buckybundles formed in the hydrogen arc discharge were found to be successfully 
intercalated with potassium and ferric chloride (FeCl3) without breaking the 
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tubular structure. The CNT GICs thus synthesized were found to have a 
characteristic bead-string structure (Fig. 4) and could be de-intercalated reversibly 
[25], providing evidence that the hydrogen-arc MWCNTs are very unique in that 
they have a scroll type structure spatially distributed in an ordinary Russian-doll 
structure. For the MWCNTs with the latter type structure, only the intercalation 
into the interstitial channels of nanotube bundles may be allowed as has been 
experienced with some SWCNTs [26, 27]. 




Fig. 4. Scanning electron microscope (SEM) image of FeC^-intercalated CNTs 
assuming a bead-string structure with partially intercalated and swelled portions. 

The structure of MWCNTs is a matter of some critical debate and one of 
underlying tender problems is that it strongly depends on the method of 
preparation with various factors affecting the development of graphene sheets 
being rolled up into tubes. Amerinckx and Bernaerts [28] have presented a 
complete set of geometry for MWCNTs, the configuration of the graphene layers 
and chirality of the tubules, for example, based on their electron diffraction 
patterns (see Chap. 3). Various researchers have encountered MWCNTs filled 
with metals or other materials which are thought to be formed during the 
nanotube formation as the result of interaction between the materials to be filled 
and decomposed carbon sources. The materials incorporated in the tubes include 
nickel, cobalt [16, 23], copper, germanium [29], chromium [30] and silicon 
nitride [31] which form themselves into a nanowire or nanorod settled in the 
cylindrical holes of the MWCNTs. 

Being stimulated by the chemistry and physics of fullerenes and CNTs, the 
materials science of traditional carbon has come to its active phase again and 
various procedures for synthesizing new 7t-electron materials have been found. A 
new quasi-one-dimensional carbon, 'carbolite' [32], has been discovered, 
indicating that carbon still has a possibility of exhibiting a widest variety of 
allotropes. A variety of new starting materials, catalysts and synthetic methods 
has been used for obtaining carbon and graphite crystals [33], which gives, in 
turn, a renewed opportunity of the CNTs synthesized from various starting 
materials [34, 35] with various procedures [36]. 
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4 Properties and Technological Applications of CNTs and Some 
New 7t-Electron Materials 

The electronic band structure and electrical properties of graphite have almost 
fully been understood in this century [6]. CNTs, which are made of the graphene 
sheets rolled up into tubes, are believed to exhibit various new electronic 
properties depending upon their diameter and helicity. The SWCNTs can be 
either a one-dimensional metal or a semiconductor, in contrast to graphite which 
is a semimetal, and can also exhibit quantum effects under certain circumstances. 
Both metallic and semiconductive SWCNTs were observed using scanning 
tunnelling spectroscopy [37, 38]. Direct measurements of electrical conductivity 
have shown that metallic nanotubes exhibit discrete electron states due to 
quantum effects and also that coherent electron transport can be maintained 
through the nanowires [39], which have served as an incentive to theoretical 
study on their transport properties [40]. And very recently, a field-effect transistor 
operating at room temperature has been provided using semiconductive tubes 
[41], which is a first step in developing nano-scale electronic devices and is 
likely to be followed by various other advances. 

One of the characteristic properties of a mesoscopic conductor has been well 
evidenced by the measurement of 'universal conductance fluctuation (UCF)' in 
magnetoresistance of a single MWCNT [42]. The UCF of CNT GICs was first 
found [43] with the hydrogen-arc MWCNTs intercalated with potassium [25]. 
Strikingly, the electrical conductivity of the GICs was lower by about 2 orders 
of magnitude than that of the pristine sample and a fluctuation of the 
magnetoresistance was manifested at temperatures below 10 K. The decrease in 
their electrical conductivity upon intercalation and the appearance of the UCF are 
thought to be caused as a result of the confinement of the electron motion into a 
mesoscopic region (= 20 nm) formed by the beads as shown in Fig. 4. 
Field emission of electrons has been observed from the tips of CNTs 
(MWCNTs) [44,45] where, in addition to a very low field emission, an excellent 
coherent, monochromatic electron beams were obtained coming from one- 
dimensional atomic wires extending out from the inner layer of MWCNTs. The 
coherence of the emitted electrons was considerably higher than that with a 
standard tungsten point source emitter and will open up a wide range of 
applications as hologram generation [46] or a cold cathode for flat panel display 
devices. Some of the properties found with CNTs are very new as compared with 
those of graphite single crystals but some can be reproduced with a single 
graphene sheet (or two-dimensional graphite), which has not been synthesized 
till now. One of the great advantages of the graphene sheet is that the electrical 
properties can be modified by substituting the carbon atoms with other atoms, 
boron or nitrogen, or with some defects, thus creating a p-n junction within the 
sheet. This idea has been proposed for forming a heterojunctions in a CNT by 
introducing pentagon-heptagon defects into the hexagonal network [47] and the 
formation of boron-nitride nanotubes [48] may further be pursued in this line of 
modifying the electronic properties of CNTs. In the case of graphite crystals, 
however, the incorporation of heteroatoms or pentagon-heptagon defects (non- 
benzenoid graphite) into the graphene sheets has not been successful so far and 
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every effort should be devoted in order that graphite and/or CNTs are to be 
utilised as electronic devices. 

Physics and chemistry of GICs, or the intercalation of carbonaceous 7t-electron 
materials in general, have entered upon a new stage of development, partly 
because new intercalants like alkali metal oxides and various gasses are 
introduced [49] and partly because they have come to have a very significant 
technological importance in that the capacity of lithium-ion secondary batteries 
strongly depends on the nature of carbon electrodes. Various new carbon 
materials including amorphous carbons starting from polymeric materials [50] 
and CNTs [51] have been examined as a high-capacity cathode and some of them 
will be put into commercial use in the near future. The CNTs, especially 
SWCNTs, has found their utility in the area of energy storage technology as in 
hydrogen storage reservoirs [52] and electrochemical capacitors [53], both 
displaying higher performances than those with conventional materials aiming at 
the application to zero-emission electric vehicles. Further fundamental study is 
still required to design and synthesize carbonaceous materials with enhanced 
energy density. 



5 Conclusions 

"Carbon" has been a good friend of human beings since the dawn of history and 
recent research in this field is certainly breathing new wind to this old and new 
material. And there will be various new fields of potential interest in electronic, 
chemical and biological areas which will encourage further study of the 7t- 
electron materials; for example, from high electron mobility transistors to 
proliferation/mutation of biological cells. They will require a wide range of 
scientific investigation and it would take long to realise these dreams. However, 
new horizons will be given through comprehensive and interdisciplinary research 
on re-valuing the unique and excellent, physical and chemical properties of 
carbonaceous materials. 
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1 Introduction 

Since the discovery of metallic conductivity in chemically doped polyacetylene 
[1], interest in 7i-conjugated conducting polymers has grown continuously [2]. A 
great deal of research has been devoted to their metallic conducting properties, 
especially the transport mechanisms, the synthesis of more stable polymers and 
increasing their conductivity, as well as application to macroscale devices. 
Along with the attempt to realise intrinsic synthetic metals by increasing the 
dimensionality of conducting polymers, chemical doping experiments have also 
been performed on these materials. However, both of these methods have 
suffered from insolubility of materials or sensitivity to air and thus hindered the 
application to many fields. On the other hand, by taking advantage of 
semiconducting electronic structure in undoped polymers, the organic polymer- 
based light-emitting diodes have been fabricated [3] and form a very active field. 
The discovery of carbon nanotubes (CNTs) [4] and the following prediction of a 
variation of electronic structure with chiral angle and diameter [5-8] has attracted 
a great deal of interests [9-11]. The main characteristics of CNTs arise from their 
peculiar one-dimensionality and their nanoscale diameter. This is especially true 
for single-walled CNTs (SWCNTs) which are difficult to manipulate accurately 
by the conventional patterning technology [12]. Furthermore, their stability, 
mechanical strength and flexibility make CNTs much more useful than 
conducting polymers in many fields. The variety of electronic structure with the 
chiral angle and diameter, and inter-wall interaction in multi-walled CNTs 
(MWCNTs) provides the opportunity to choose particular types of CNTs for 
particular applications. 

In this final chapter, we will review the current frontier of the applications of 
CNTs. Nanoscale applications such as nanoscale devices and ultra-fine probe, as 
well as macroscale applications such as field emission, energy storage and 
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macroscale devices will be discussed. We also consider the possibilities of 
manipulation, selection and modification of CNTs. 



2 Individual CNTs for Nanotechnology 

Though MWCNTs are useful because they are stabilised by a large number of 
layers and available in relatively large quantities, SWCNTs are more ideal for 
understanding electronic structure and transport phenomenon. They also lend 
themselves to nanoscopic applications because they have exceptionally high 
one-dimensional ( 1 D) structure, a nanoscale diameter and they are not affected by 
inter-layer interactions. Interestingly, as-prepared SWCNTs are almost free from 
defects in spite of their small diameters, while catalytically grown MWCNTs 
[13] and even arc-evaporated MWCNTs always contain some defects [14]. 
Because SWCNTs are so small and not protected by outer layers, their formation 
seems to be subject to a kind of selection rule: CNTs with defects will be 
eliminated spontaneously due to their unstability during synthesis. The recent 
discovery of a new synthetic route to SWCNTs using nickel/cobalt catalysts, by 
the group in Rice University, has pushed forward research into nanoscopic study 
remarkably [15]. This is due to the fact that their samples possess an uniform 
distribution of diameter (1.38 ± 0.02 nm) and a high yield (more than 70 %). 
Actually, much of the research presented in this section was performed on 
samples synthesised by this group. We review the nanoscopic studies of CNTs 
mainly emphasising their electronic structures. 

2.1 Experimental verification of existence of metallic and semiconducting CNTs 

As described in Chap. 5, CNTs show a variety of electronic structure depending 
on their chiral angle and diameter: CNTs with the armchair configuration (a, a) 
and the configuration (a, b) satisfying 2a+b=?>n {n is integer) are true ID 
metallic, and other configurations make CNTs semiconductors with a finite band 
gap [6,16]. The investigation into the relationship between atomic 
configurations and electronic structures is very important, not only from 
scientific interest but also from potential to nanotechnology. 
The temperature dependence of conductivity has been studied by many groups for 
various forms of CNTs, although simultaneous correlation with atomic 
configurations was not considered [17-211. Figure 1 [24] shows conductivity or 
resistivity of individual and films of MWCNTs, ropes and films of SWCNTs 
and, for the sake of comparison, chemically doped conducting polymers. In 
MWCNTs, the semiconducting behaviour, i.e. increasing conductivity with 
increasing temperature, has been observed for all the samples, though the slope 
is different for each sample. For instance, the individual MWCNTs studied by 
the group at NEC have shown almost metallic property (Fig. 1(a), Ebbesen). 
This semiconducting behaviour is accounted for by a two-dimensional (2D) weak 
localisation effect (modelled by a 2D disordered graphene sheet) and inter-layer 
and inter-tube hopping barriers [17,18,24]. 
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On the other hand, the rope of SWCNTs gave an increase of resistivity with 
increasing temperature which suggests the existence of metallic CNTs [21]. This 
is accounted for by the small effect of inter-chain barrier and the absence of inter- 
layer hopping processes. 
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Fig. 1. (a) Comparison of normalised electrical conductivity of individual MWCNTs 
(Langer 96 [17], Ebbesen [18]) and bundles of MWCNTs (Langer 94 [19], Song [20]). 
(b) Temperature dependence of resistivity of different forms (ropes and mats) of 
SWCNTs [21], and chemically doped conducting polymers, PAc (FeCl 3 -doped 
polyacetylene [22]) and PAni (camphor sulfonic acid-doped polyaniline [23]) [24]. 
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Very recently, the groups in Delft University of Technology [25] and Harvard 
University [26] have successfully verified the theoretical prediction of a 
correlation between the atomic configurations and the electronic structures of 
SWCNTs. This was achieved by the combination of scanning tunnelling 
microscope/scanning tunnelling spectroscopy (STM/STS). The atomic scale 
image of the SWCNT which is conjectured to possess semiconducting 
configuration (14, -3) is shown in Fig. 2. 




Fig. 2. Atomically resolved STM image of an SWCNT exposed at the surface of a 
rope. This SWCNT has a diameter of 0.95 nm and the possible configuration of (14, 
-3) [26], 

From the analysis of STS spectra measured at under low temperature (4 K), two 
clear features were found in the density of states (DOS) near the Fermi energy as 
indicated in Fig. 3. Comparison with the calculated DOS indicated in Fig. 4 [6] 
gives strong evidence that the positions of the observed sharp peaks, which 
represent singularities originating in ID structure, are due to the semiconducting 
and metallic natures of SWCNTs. The CNTs with the semiconducting 
configuration possess no DOS at the Fermi energy and a narrow spacing of 
about 0.6 eV between the two peaks (see Fig. 3, nos. 1-4 and Fig. 4 (a)), while 
the CNTs satisfying the metallic condition show a finite DOS at the Fermi 
energy together with two sharp peaks separated apart by about 1.8 eV (Fig. 3, 
nos. 5-7 and Fig 4(b)). It is noted that the presence of the singularities with a 
particular energy separation has also been suggested by the optical conductivity 
of SWCNTs [27]. Moreover, the theoretical prediction of the relationship 
between the diameter of semiconducting CNTs and the band gap has been 
confirmed experimentally (Fig. 5). These data are in good agreement with the 
theoretical estimation that, Eg=2ya c _ c /d [9], where y, a c _ c and d are the nearest- 
neighbour transfer integral, the C-C bond length and the diameter, respectively. 
However, the radii obtained by the group in Harvard [26] are smaller than the 
expected value of 1 .38 + 0.02 nm [15]. 
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Fig. 3. Derivatives of the tunnelling current of individual SWCNTs obtained by the 
STS measurement. Different features are clearly seen in the spectra of nos. 1-4 and 
nos. 5-7 [25]. 

2.2 Nanodevices 



Since the proposal in 1974 that organic molecules may be utilised in nanoscale 
devices (nanodevices) [28], a number of configurations and circuits comprising 
molecules have been designed hypothetically. The principle idea is that 
molecules can make devices much smaller and faster than the current inorganic 
technologies. It does however, remain just an idea since the problems associated 
with connecting and contacting molecular scale components have yet to be 
overcome. The synthesis of CNTs with the length of the order of one micron and 
high stability of CNTs have enabled us to "see" an individual CNT by atomic 
force microscope (AFM) and STM, and also to make contacts with metal 
electrodes. From these respects, CNTs, especially SWCNTs are considered to be 
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ideal material for nanoscale electronics. In comparison, C^o is far too small to 
manipulate and too sensitive to air and metals. 
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Fig. 4. Calculated density of states for two zigzag individual SWCNTs with (a) 
semiconducting (10, 0) and (b) metallic (9, 0) configurations. Tight-binding 
approximation was used for the calculation [6]. 



The group in Delft University of Technology [29] has fabricated a nanodevice by 
using an individual SWCNT as shown in Fig. 6. They reported the existence of 
two types of CNTs with different current-bias voltage (/-Vbj as ) profiles at room 
temperature [29]: one shows linear /-Vbias curves independent on the gate 
voltage, and the other shows nonlinear curves which are strongly dependent on 
the gate voltage. According to the group, the former is regarded as metallic and 
the latter as semiconducting. In the following, we will first examine the device 
properties of individual metallic CNTs and then move onto semiconducting 
CNTs. The group in Delft has measured individual SWCNTs in vacuum at very 
low temperatures (0.1 to 1 K) to avoid thermal fluctuations of the orbital 
energies of the CNTs [31]. /-V^as curves with different gate voltages are shown 
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in Fig. 7. The observed step-wise increase of the current can be explained in 
terms of single electron tunnelling through a CNT. 
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Fig. 5. Relationship between observed band gap and the diameter of individual 
SWCNTs. Closed and open circles indicate the data from refs. 25 and 26, respectively. 
The data are fitted with the equation, £ g =2ya c _ c /d, where the nearest-neighbour 
transfer integral y is 2.7 eV and 2.5 eV for linear and broken lines, respectively. 



Source 
electrode 



Single nanotube 




Silicon gate 



Fig. 6. The image of the nanodevice using an individual SWCNT (modified from 
ref. 30). 



The schematic model is depicted in Fig. 8. As the bias voltage increases, the 
number of the molecular orbitals available for conduction also increases (Fig. 8) 
and it results in the step-wise increase in the current. It was also found that the 
conductance peak plotted vs. the bias voltage decreases and broadens with 
increasing temperature to ca. 1 K. This fact supports the idea that transport of 
carriers from one electrode to another can take place through one molecular 
orbital delocalising over whole length of the CNT, or at least the distance 
between two electrodes (140 nm). In other words, individual CNTs work as 
coherent quantum wires. 
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Fig. 7. /-V bias curves of an individual SWCNT device with the gate voltage of (A) 
88.2 meV, (B) 104.1 meV and (C) 120 meV [31]. 
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Fig. 8. Schematic illustration of the tunnelling in a CNT-based device: (a) under no 
bias voltage, there are no orbitals available for conduction, (b) with small bias 
voltage, only one molecular orbital of a CNT contributes to the carrier transport and 
(c) when the next molecular orbital enters the bias window, current increases step- 
wise. Gate voltage can shift all the orbitals upward or downward. A£ indicates the 
energy separation of molecular orbitals. 

These results are surprising, and such a high stability of molecular orbitals was 
considered to be a consequence of the stiff and almost defect-free structure of 
metallic CNTs [31]. From the gate voltage dependence of the current, the energy 
separation between molecular orbitals (A£) has been determined to be 0.4 meV, 
which is very close to the value predicted by calculations based on the particle- 
in-a-box model (0.6 meV for 3 nm-long tube). The Coulomb charging energy 
(£ c =e 2 /2C, where e and C are electric charge and the capacitance of a CNT, 
respectively), which represents the energy required to put one electron into an 
individual CNT by overcoming Coulomb repulsion, has been calculated to be 
2.6 meV. 

It is worth noting that similar results have been obtained for a rope of SWCNTs 
consisting of about 60 CNTs [32]. In this case, however, the energy separation 
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of molecular orbitals and Coulomb charging energy are about 1 meV and 10-20 
meV, respectively. These values are slightly higher than those obtained for 
individual CNTs [31]. This is counter intuitive since the energy separation and 
charging energy should be reduced due to the delocalisation of molecular orbitals 
over the whole rope. However, the difference between these two results is not 
necessarily conclusive since the groups have used different techniques to make 
contacts and the CNTs would be greatly affected by the doping effect of metal 
electrodes [31]. In addition the SWCNT can be damaged during the purification 
and the device processing procedures. Actually it has been suggested that a CNT 
is regarded as a number of quantum wires connected in series [33]. 
As described above, metallic CNTs are of great interest because they possess 
molecular orbitals which are highly dclocalised. However, metallic CNTs are 
very difficult to use in actual devices because they require very low temperatures 
to control their carrier transfer. On the contrary, even at room temperature, the 
nonlinear /-Vbias curve and the effective gate voltage dependence have been 
presented by using individual semiconducting SWCNTs [29]. 
Because the finite band gap of around 0.4-0.6 eV for 1 nm diameter [1 1,25] is 
high enough to suppress thermal excitation of electrons from occupied molecular 
orbitals to unoccupied orbitals, they are available at room temperature. Figure 9 
shows the /-Vbias curve of this semiconducting CNT-based device. The gate 
voltage dependence can be explained on the basis of the concept of a p-type 
metal-oxide-semiconductor field-effect transistor (MOSFET), and this CNT-based 
FET has shown an on/off ratio, which corresponds to the switching efficiency, 
as high as 10 6 . 



20 



-20 . 




Fig. 9. 1-V biai curve of an individual semiconducting SWCNT with different gate 
voltages measured at room temperature [29]. 



This novel semiconducting CNT-based FET is expected to work with very high 
speed and makes the transistor remarkably small [30]. Since the research on 
nanodevices utilising CNTs only began in 1997, many interesting nanoscopic 
phenomena from CNTs can be expected in near future. 
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As for the coherent length in CNTs, a very interesting paper has been published 
from the group at the Georgia Institute of Technology about the conductance of 
individual MWCNTs [34]. They have observed the quantisation of conductance 
by changing the distance between the two electrodes. This result indicates 
ballistic conduction in a CNT, which suggests the formation of stationary waves 
of electrons inside CNTs. 

2.3 Probes for nanoscale structure 

The peculiar features of individual CNTs, high one-dimensionality and nanoscale 
diameter (usually 1-50 nm), are also ideal for use as nanoscale probes in 
scanning force microscopy (SFM). Probes employing CNTs are expected to be 
useful for imaging deep trenches and to be highly durable owing to strength and 
flexibility. In 1996, the group in Rice University succeeded in fabricating an 
SFM by attaching MWCNT bundles to silicon cantilever [35]. The bundles 
consisted of about 5 to 10 CNTs from which one single CNT (diameter of 5 
nm) protruded by 250 nm (Fig. 10). 




Fig. 10. Scanning electron microscope (SEM) image of the probe with an MWCNT 
attached to a silicon cantilever [35]. Protruding of one individual MWCNT has been 
confirmed by transmission electron microscope (TEM) measurement (not shown 
here). 

Tapping-mode SFM observes surface geometry by detecting the minute force 
between a probe and surface through the resonant frequency between a probe and 
a cantilever. The Euler buckling force which indicates mechanical strength 
against vertical force was calculated for the MWCNT (250 nm long and 5 nm 
diameter) to be 5 nN [35]. Though this value is not as high as the standard 
silicon tip (> 100 nN), the group at Rice expects that CNTs are still useful 
because they can flex when they hit the surface or touch it laterally. 
The SFM images shown in Fig. 1 1 have proved that CNTs are promising for 
nanoscale structural investigation and are better than the normal silicon nitride 
probes [36]. 
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Fig. 11. SFM pictures of etched GaAs surface obtained by using (a) the MWCNT 
probe and (b) standard silicon nitride probe [36]. 

It is noted that much higher resolution is expected when an individual SWCNT 
is used. By taking advantages of the high conductivity of CNTs, STM images 
have also been obtained using a CNT probe [35]. 

Since the tips of CNTs can be modified chemically, CNTs can be used as probes 
for investigating surface chemistry. The group in Harvard University has 
prepared a CNT probe whose tip is covered with carboxyl groups by oxidation, 
and also with amide groups by chemical reaction from carboxyl groups [37]. 
They have succeeded in observing differences in the force between CNT probes 
terminated with different functional groups and sample surfaces of varying pH. 
For instance, probes with carboxyl groups give drastic changes of force as a 
function of pH of the surface, while the probe with amide groups is not affected 
by pH. Hence, when the attachment of CNT-probes becomes routine, further 
progress will be expected in these applications. 



3 Application of CNTs for Macroscale Purposes 



Nanoscale diameter, hollow structure, high conductivity, mechanical strength 
and inertness of CNTs are also very useful for macroscale applications. 
MWCNTs have been more widely used for macroscopic applications since they 
are more readily available in larger quantities and are more stable than SWCNTs. 



175 



Also, macroscopic devices tend not to require the highly 1 D properties of single- 
CNTs. Very recently studies using SWCNTs have just emerged. Though well- 
aligned CNT films are preferable for many purposes, the insolubility of CNTs 
makes them difficult to align. Instead, bundles, mechanically stressed mats and 
films stabilised with resin have been examined. In this section, we review some 
interesting applications of bulk CNTs. 

3. 1 Field emission 

Field emission applicable to flat-panel display is one of the most advanced and 
energetically studied applications of CNTs. The apparatus is illustrated in Fig. 
12 along with pictures of closed-tips of MWCNTs. In spite of their high 
workfunction (4.3 eV for MWCNTs [39]), CNTs emit electrons from their tips 
when high voltages (100-1000 V) are applied between the metal grid of the 
accelerator and the CNT film which are separated by 20 (im [38]. 
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Fig. 12. (a) Schematic illustration of the setup for field emission experiment using 
a CNT film, (b) TEM picture of a tip of an MWCNT where electrons are emitted, (c) 
Illustration of the electron emission by applied electric field [38]. 

This is because of their ID structure and high electrical conductivity. The 
electrons emitted from the CNTs pass through the grid and reach the phosphor 
screen to give high luminescence. This field emission has been observed in 
individual SWCNTs [40], individual MWCNTs [41], carefully aligned MWCNT 
films [42] and randomly oriented MWCNT films [43]. SWCNTs were not stable 
under such severe conditions [40]. The advantages of CNT-based field emitters 
are a narrow energy range of emitted electrons (0.2 eV) and room temperature 
operation (conventional tungsten emitters need to be heated) [38]. 
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Fig. 13. Electric-field dependence of the emission current obtained for a carefully 
aligned MWCNT film [38]. Inset: Fowler-Nordheim plot, where y > s tne field- 
enhancement factor. 




Fig. 14. Field emission patters from (a) closed-tip and (b) open-tip MWCNTs taken 
by a CCD camera [46], 

This interesting phenomenon has been explained by the tunnelling of electrons 
from localised states at a tip with energies close to the Fermi energy, stimulated 
by the enhancement of the electric field from their ID structure [38]. Based on 
the Fowler-Nordheim model (Fig. 13 inset), it was calculated that the electric 
field at the tip is enhanced about 1300 times [38], but there is some discussion 
on the validity of this model [44]. The model that electrons are emitted from 
single atomic wires protruding from the tips of CNTs [41] is still hypothetical 
and has not been confirmed. It is very interesting to note that the opening of tips 
by oxidation with either oxygen-plasma treatment or by heating in oxygen-gas 
makes CNTs more highly emissive [41,45]. Considering the hollow image of 
emission of open-tip MWCNTs shown in Fig. 14 [46], the emission from 
almost all the carbon atoms around the tip is plausible. 



177 



The calculations of the electronic structure of the closed-tip CNTs with finite 
length suggest that largely localised orbitals exist at the tip (mainly at the five- 
membered rings) with energies close to the Fermi energy [47]. However, 
considering the fact that electrons are accelerated by the strong electric field and 
actually go through the cylinder of a CNT before reaching the tip, it seems that 
consideration of such localised orbitals is insignificant. Moreover there have 
been no definite explanations for the high emission from open-tips rather than 
closed-tips. We think the curvature and existence of localised orbitals at a five- 
membered ring decelerates the electron through the scattering effect. Very 
recently more advanced research has been performed. The group in Mie 
University has fabricated cathode ray tubes (CRT) which show very high 
luminescence intensity (6x1 (T cd/m^) under very high applied voltage (10 kV) 
and has obtained very long life time of more than 4000 hours [48]. The group in 
Northwestern University has fabricated a matrix display (32x32) by employing 
phosphor-coated indium-tin oxide (ITO) glass as the anode [49]. The 
establishment of inexpensive synthetic routes and preparation methods of aligned 
CNT films, as well as a clarification of the mechanism of emission are strongly 
desired for further development. 

3.2 Energy storage 

The hollow spaces of CNTs, similar to those of zeolites, offer many intriguing 
properties: places to store the guest molecules and to perform chemical reactions 
with selected-size molecules. Though, to our knowledge, the latter has not yet 
been studied, there have been some interesting studies on the former application. 
In the following, we will look at this capillary effect of the hollow space. 
Initially, theoretical study based on the local-density approximation (LDA) 
suggested that a capillary effect will occur in the hollow spaces of CNTs [50]. 
The group at NEC has actually observed filling and wetting in the hollow space 
of an open-tip MWCNT [51]. 




100 150 200 250 300 350 400 450 500 
Temperature (K) 

Fig. 15. Temperature-programmed desorption (TPD) spectra of (a) closed-tip 
SWCNTs, (b) activated carbon and (c) open-tip SWCNTs [52]. 
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The group in the National Renewable Energy Laboratory has recently provided 
the evidence that the hollow space can store and stabilise a large number of 
hydrogen molecules [52]. This hydrogen storage is very attractive from the view 
point of fuel cell technology which requires a very high density of hydrogen 
molecules for clean combustion (i.e. which exhausts only water). The 
temperature-programmed desorption (TPD) profiles of closed- and open-tip 
SWCNTs with diameters of around 1.2 nm are shown in Fig. 15, together with 
the results of activated carbon which has micropores with diameters of around 
3.0 nm. 

The peak at 133 K seen in all the samples is known to originate in the hydrogen 
molecules adsorbed inside the contamination amorphous carbon. This hydrogen 
is not useful because it cannot be used at room temperature. A new peak at 288 
K, found only in the open-tip CNTs, suggests that the hydrogen molecules are 
incorporated inside the hollow spaces of CNTs. The high temperature desorption 
(288 K) of a large number of hydrogen molecules is a fascinating property for 
this application. The heat of adsorption for this site (19.6 kJ/mol) is larger than 
those for graphite (~ 4 kJ/mol) and activated carbons (12 kJ/mol for low 
coverage and 4 kJ/mol for high coverage) and provides strong van der Waals 
force within the CNTs, but the origin of this high stabilisation effect by hollow 
space is ambiguous at the moment. The well-aligned SWCNTs with the 
diameter of 2.0 nm was predicted to be a good candidate for the use in vehicles, 
much better than metal hydrides [52], but it seems uncertain because the van der 
Waals force could become smaller in the CNTs with larger diameters. 
The hollow space is also attractive for the application to lithium-ion batteries in 
which lithium ions are stored with high stability inside the anode materials made 
of carbons, such as graphite and amorphous carbons [53]. Carbon nanotubules 
[54] finished in a membrane consisting of well-ordered tubular pores of 
graphitised carbon produced by the template method have been studied for 
lithium storage and showed higher capacity (490 mAh/g) than that of graphite 
(372 mAh/g). The substitution of open-tip CNTs for this study will surely 
prove most interesting. Although it is supposed that the hollow space inside 
CNTs is essential for these high molecule/ion storage, the detailed mechanism is 
not fully understood and further study is necessary for designing the appropriate 
structure of CNTs and their film. 

3.3 Macroscopic devices 

CNT films are also of interest from morphological aspect because their structure 
provides nanoscale voids within the networks of CNTs. For example, 
composites with conducting polymers are very interesting both from scientific 
and technological interests, since we would expect CNTs to give a well-dispersed 
film. 

The group in the Swiss Federal Institute of Technology [55] has fabricated a 
macroscale device by depositing the conducting polymer (poly(p- 
phenylenevinylene)) on the MWCNT film (Fig. 16). They have observed the 
characteristic rectifying effect from the l-V curve, which suggests the CNTs 
inject holes efficiently into the polymer layer. However, due to the difficulty in 



179 



making a good film of CNTs, very thick films arc needed in order to avoid short- 
circuits between CNTs and top metal contacts. Therefore, the interfacial 
interaction between CNTs and polymers has not been clearly observed. 
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Fig. 16. Top: Illustration of the macroscopic device. BCHA-PPV is poly(2,5- 
bis(cholestanoxy)-l ,4-phenylenevinylene) [55]. Bottom: Cross section of the 
device (a) Al contact, (b) polymer layer and (c) CNT film. 

C50 is a good electron-acceptor and shows highly efficient charge separation 
when mixed with conducting polymers and excited by illumination with visible 
light [56-58]. The photovoltaic devices using C^o and conducting polymers, 
which absorb visible light in the polymer and generates electricity by charge 
separation at the polymer/C(,o interface, have been fabricated and shown very 
high quantum efficiencies of around 9 % [58]. Therefore, it must be very 
interesting to study interfacial interaction between CNTs and photo-excited 
conducting polymers. In addition CNTs would give high mechanical strength to 
the polymer composite. 
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4 Manipulation of CNTs and Beyond 

As seen in previous sections, applications of CNTs have been flourishing in 
recent years. However, it seems there remain great difficulties in 
commercialisation from two reasons, manipulation and selection of CNTs. At 
present it is still not easy to obtain pure and well-ordered films or to align 
multiple CNTs properly against electrodes in large scale. It should be more 
explicitly required to control the chirality, diameter, length and electronic 
structure of CNTs for pragmatic usage. The modification is the other way to 
control electronic properties. It should be noted that the establishment of a low- 
cost synthetic method will be necessary for future commercialisation. In this last 
section, we review recent attempts to surmount these difficulties and some 
modification methods. 

Regarding macroscale alignment of CNTs in a film, the quest for a new 
synthetic route which gives highly aligned CNT films by using laser-etched 
catalysts has been reported [59]. Deposition of aligned films on certain 
substrates would require soluble CNTs. Very recently, there has been reported an 
attempt to prepare soluble CNT by terminating the short-cut SWCNT [60] with 
long-chain amide group [61] or by chemical oxidation of the catalytically-grown 
MWCNT [62]. As for nanoscale alignment, it has been shown that the shape 
and position of individual CNTs can be controlled by an AFM probe [63,64]. 
However, problems still remain for the manipulation because the AFM method 
takes time and manipulation of more advanced architecture calls for sophisticated 
technology. Concerning the selection of specific CNTs, chirality and diameter 
are more difficult to control than length because length can be changed by 
oxidation [65,66] and cutting by AFM probes [64,67], and selected by column 
separation [68]. On the other hand, choosing the chirality and diameter seems to 
be achievable only by improvement to or finding of new synthetic routes, like 
etching of catalysts and using polymers as a starting materials, as was used by 
the group in Rice University to prepare CNTs with uniform diameter [15]. 
Next, let us look at modification of CNTs. There are many approaches to 
modifying the electronic structure of CNTs: oxidation [39], doping 
(intercalation) [69], filling [70] and substitution by hetero elements like boron 
and nitrogen atoms [71,72]. There have been few studies on the application of 
these CNTs but it will be interesting to study applications as well as electronic 
properties. 

Today, a large number of researchers from a variety of fields are enthusiastically 
working on CNTs. Field emission has a relatively long history and has 
proceeded considerably, while the investigation into nanodevices has just begun. 
Some of research only involves the replacement the well-established material by 
CNTs. It is, however, more exciting to find out the new physical concepts 
through research of this novel material, CNTs. 
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